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Abstract 
N,N-Diisopropylbenzylamine-2-boronic acid 80a has been shown to be an effective catalyst 
under refluxing fluorobenzene conditions for direct amide formation between equimolar 
amounts of carboxylic acids and amines, and under these conditions the catalyst 80a has been 
shown to be stable. A comparison with other boronic acid catalysts and boric acid has shown 
80a to be more effective for more difficult substrates, and evidence for the cooperative effect 
of the boronic acid and amine moieties, as well as for reaction intermediates, has been 
obtained. 
BOa 100 Cl 
111 (S)-268a 
The synthesis of novel derivatives of 80a have allowed the factors affecting direct amide 
formation to be probed further. The addition of an electron withdrawing group does increase 
the reactivity of these systems, however, the effect of an electron donating group is more 
pronounced and results in a substantial decrease in activity. The importance of solvent 
choice, concentration and water removal has been demonstrated through parallel experiments 
and Design of Experiments. A non-linear effect for catalyst loading was shown, where a 5 
mol% loading of 80a had a similar effect to 10 mol%. 
Furthermore, the application of chiral arnino-boronic acid 111 to the kinetic resolution via 
direct amide formation of racemic amines from achiral carboxylic acids, has shown promising 
levels of enantioselectivity, even in refluxing fluorobenzene (bp 85 °C). 
A novel pyrrolidine-based amino-boronic acid (S)-268a has been synthesised via (-)-
sparteine-mediated lithiation in high yield and enantioselectivity. The application of (S)-268a 
to the direct enantioselective aldol reaction has shown the boronic acid moiety does 
participate, and the solution behaviour of (S)-268a has also been investigated. 
5 
1. Direct catalytic amide and ester formation from unactivated 
carboxylic acids 
1.1 Introduction 
The search for catalytic reactions ts ongomg and significant benefits can be 
demonstrated in terms of synthetic efficiency and atom economy, which in tum leads 
to reduced cost and impact on the environment. The use of chiral catalysts m 
asymmetric synthesis is highly advantageous since a substoichiometric amount of 
chiral catalyst can produce a large enantiomeric excess. In addition, there are no extra 
steps involved in attaching and removing a chiral auxiliary, which can have 
disadvantageous effects on time, yield and cost. 
1.2 Direct amide formation from carboxylic acids and amines 
The usual procedure for amide synthesis requires the activation of the acid component 
to a more reactive intermediate, such as the acid chloride, and is undesirable for a 
number of reasons, especially in terms of atom economy. 1 The high reactivity of acid 
chlorides requires the protection of other nucleophilic functional groups in a 
molecule, as well as a base (e.g. triethylamine) to complex the HCl produced. A 
direct condensation between carboxylic acids and amines, ideally in equimolar 
amounts, would be advantageous, making the synthesis a one step process and 
reducing environmental waste (Equation 1 ). This is especially true if the starting 
materials are expensive and/or of limited availability. 
+ + 
2 3 
Equation 1 
1.2.1 Thermal methods 
Carboxylic acids and amines react together to form salts. Strong heating ofthese salts 
can lead to amide formation, as in the case of ammonium acetate to form acetamide.2 
The reaction is carried out in acetic acid and continuous distillation to remove water 
ensures the equilibrium is driven to the amide. Similarly, succinimide can be 
prepared by heating ammonium succinate3 and benzanilide can be prepared by heating 
6 
benzoic acid with an excess of aniline.4 Water and aniline are removed initially by 
distillation, followed by addition of more aniline and further heating to complete the 
reaction. 
Pyrolysis of these salts under solvent-free conditions can lead to the formation of 
ami des. 5 Passing ammonia gas through various aliphatic acids, with the acid being 
kept at a temperature between 125-190 °C to facilitate the removal of water, and 
subjecting the resulting ammonium salt to these conditions for 3-15 hours, furnished 
the corresponding amides in greater than 70% yield. Applying the same conditions, 
but replacing ammonia with dimethylamine, forms the corresponding dimethylamides 
with yields in excess of70% and with shorter reaction times (less than 3.5 hours). 
The use of higher boiling ammes simplifies the procedure further. 6 Optimum 
conditions involve heating the acid-amine mixture for 10-30 minutes at 160-180 oc. 
Undoubtedly, the pyrolysis of ammonium salts is a simple route to amides, requiring 
no solvent or catalyst and only short reaction times. However, despite the advantages, 
certain prerequisites for the reactants have prevented wider, more general use of this 
route. The acids and amines must be thermally stable, melt below 200 °C, and be 
non-volatile and high boiling. In addition, excessive heating can lead to tar formation, 
whereas insufficient heating leads to poor conversion. 
Subjecting an acid-amine mixture to heating at 150 oc using microwave radiation also 
leads to amide formation, in the majority of cases with increased yield versus 
conventional heating at 150 °C.7 Benzylamine reacted to give good conversion (80%) 
with phenylacetic and decanoic acid in 30 minutes, but it required an excess of the 
acid or amine component (1.5 equivalents) with benzoic acid for good yields. Lower 
yields were also encountered with the benzoic acid and n-octylamine ( 1 0% ), aniline 
(12%) and 4-methoxyaniline (33%) reactions, with the electron-donating methoxy 
group having the expected beneficial effect. 
Azeotropic removal of water usmg hydrocarbon solvents is another method for 
driving the reaction of acid-amine mixtures to completion. Representative examples 
7 
are the preparation of N-methylformanilide 6 in refluxing toluene,8 isolated in 93-97% 
yield, and N,N-dibutyllactamide 9 (83%) in refluxing xylene. 9 
H 
0 
VN' 
H)lOH 
+ toluene 
h 
"' 5-6 h 
4 5 6 
Equation 2 
0 YaH + H ~N~ 
xylene 
OH 
"' 7h 
7 8 9 
Equation 3 
Molecular sieves can also be used to effect the removal of water. The heating of an 
acid-amine mixture in the presence of 4 A molecular sieves facilitated amide 
condensation, but only in the case of primary amines. 10 The reaction of phenylacetic 
acid 10 with morpholine and N-methylcyclohexylamine failed to yield any product, 
even though the mixture was subjected to a temperature of 180 oc for 2 hours, with 
only the formation of the ammonium salt being observed. Under these conditions, 
however, aniline 11 formed the desired amide 12 in 50% yield (Equation 4), and the 
more reactive amines (e.g. benzylamine 13) reacted with phenylacetic acid at 140 oc 
for 2 hours to afford the corresponding amides in at least 95% yield (Equation 5). 
0 
Ph~ + OH 
10 
0 
Ph~ OH + 
10 
molecular sieves 4A 
PhNH2 .. 
180"C 
2h 
11 50% 
Equation 4 
molecular sieves 4A 
140"C 
13 2 h 
95% 
Equation 5 
8 
0 
Ph~N_.Ph 
H 
12 
14 
1.2.2 Catalytic amide condensation 
In theory, the development of a universally applicable catalytic route to carboxamides 
should allow for the direct amide condensation between equimolar amounts of 
carboxylic acids and amines under mild conditions, and therefore the use of more 
sensitive substrates. In order to make possible the use of lower temperatures and 
faster reaction times, high activity catalysts are required. In addition, catalysts should 
be of low cost, low toxicity and easy to handle. 
There are relatively few examples in the literature of direct catalytic amide 
condensations. The most notable examples are those mediated by arylboronic acids 
bearing electron-withdrawing substituents and boric acid. These will now be covered 
in detail. 
1.2.2.1 Arylboronic acid catalysts 
Yamamoto has demonstrated that arylboronic acids bearing electron-withdrawing 
substituents are effective catalysts for amide condensation. In particular, 3,4,5-
trifluorophenylboronic acid 11 15, 3,5-bis(trifluoromethyl)phenylboronic acid 16 and 
3 ,5-bis(perfluorodecyl)phenylboronic acid 12 17. 
q B(OHb E F F n F3C CF3 c,oF21 C10F21 
F 
15 16 17 
Amide condensations carried out in the presence of 1 mol% of 15 generally proceeded 
well, with azeotropic removal of water afforded by 4 A molecular sieves in a soxhlet 
thimble, for example, 4-phenylbutyric acid and benzylamine were refluxed in toluene 
for 18 hours to furnish the corresponding amide in 96% yield. Less active substrates 
required more forcing conditions, however. The condensation of aniline with 4-
phenylbutyric acid required refluxing mesitylene (bp 163-166 °C) for 4 hours to 
atlord the anilide in 99% yield. Benzoic acid and 3,5-dimethylpiperidine were 
subjected to refluxing mesitylene for 20 hours, with the desired amide being isolated 
in 95% yield. 
9 
Boronic acid 17 had lower activity versus 15 and 16. However, it could be recycled 
easily due to its insolubility in toluene and xylene at room temperature by simply 
decanting the reaction mixture. 11 The recovered catalyst showed no loss of activity in 
10 cycles. The utility of boronic acid 15 in the direct polycondensation of carboxylic 
acids and amines has also been demonstrated. 13 
1.2.2.1.1 Amidation with chiral substrates 
Catalyst 15 was also used to mediate lactam formation from amino acids. L-Proline 18 
dimerised with less than 2% loss of enantiomeric purity, although a higher catalyst 
loading (5 mol%) and refluxing anisole (bp 154 °C) were required (Equation 6). 
Lactamisation of 6-aminocaproic acid 20 was more facile, proceeding under milder 
conditions in xylene (bp 136-140 °C) with 1 mol% 15 to afford caprolactam 21 in 
93% yield (Equation 7). 
0 
H 15 (5 mol%) crp N H02C-() anisole 
A 
11 h 0 
18 94% 19 
Equation 6 
0 
15 (1 mol%) b H02C~NH2 xylene A 
22 h 
20 93% 21 
Equation 7 
In addition, amide condensation with chiral a-hydroxycarboxylic acids was carried 
out in refluxing toluene with a 10 mol% loading of 15 (Equation 8). Minimal 
racemisation occurred, and complete selectivity for amide formation was observed. 
10 
+ 
22 
15 (10 mol%) 
toluene 
!1 
10 h 
96% 
Equation 8 
1.2.2.1.2 Mechanistic considerations 
~NHBn 
OH 
23 
The proposed mechanism for boronate-catalysed amide formation involves an 
acyloxyboronic acid intermediate 24 with formation of this from the boroxine being 
the rate-determining step (Scheme 1 ). 11 a 
Scheme 1. Proposed mechanism for arylboronic acid catalysed direct amide 
formation. 
Intermediate 24 was claimed to have been isolated after heating a 2:1 mixture of 4-
phenylbutyric acid and boronic acid 16 in d8-toluene with removal of water. However, 
it is noteworthy that analytical and spectroscopic evidence was not definitive, and that 
no bis-acyloxyboronic acid was detected, with claimed exclusive formation of 24. 
Subsequent addition of benzylamine certainly led to amidation at ambient 
temperature, though the acylation species remains unproved, being based upon an IR 
stretch at 1586 cm·1, which does not relate to a known acylboron species. In fact, 
Brown and coworkers have reported the IR stretches to be around 1725 cm-1 for a 
variety of acyloxyboranes. 14 
11 
1.2.2.1.3 Carboxylic acid condensation with ureas 
In an extension to this work, boronic acid 16 was shown to effectively mediate the 
condensation of carboxylic acids with ureas to afford the N-monoacylurea 
exclusively. 15 Due to the lower nucleophilicity of ureas, a higher catalyst loading (5 
or 10 mol%) was required (Equation 9), and as in the condensation with amines, less 
active substrates required a higher temperature for reaction. The same mixed 
anhydride type acyloxyboronic acid 24 was proposed as the intermediate. 
25 
1.1 equiv 
26 
16 (5 mol%) 
toluene 
Ll. 
26 h 
92% 
Equation 9 
27 
1.2.2.2 Boric acid and boric acid ester mediated amide condensation 
Recently, Tang has shown that cheap and readily available boric acid catalyses the 
direct condensation of carboxylic acids and amines. 16 4-Phenylbutyric acid 28 and 
benzylamine 29 react in the presence of 1 mol% B(OH)3 to afford amide 30 in 91% 
yield (Equation 1 0). Azeotropic removal of water is again required and generally, 5 
mol% catalyst was adequate for most substrates. Anilines, however, needed a 25 
mol% B(OH)3 loading, and it was noted that side reactions from hydroxyl groups 
present on the acid or amine were absent (Equation 11 ). As for arylboronic acid 
mediated amidation, an acyloxyborate intermediate 24 (Ar = OH) is the proposed 
acylating agent, although no independent evidence for this is presented. 
28 29 
+ 
31 29 
B(OHlJ (1 mol%) 
toluene 
Ll. 
16 h 
91% 
Equation 10 
B(0Hh(10 mol%) 
toluene 
Ll. 
90% 
Equation 11 
12 
H 
Ph~N'-/Ph 
0 
30 
32 
In 2006, Yamamoto compared the activity of 4,5,6,7-tetrachlorobenzo-
[1,3,2]dioxaborole 33a and 4,5,6,7-tetrachlorobenzo-[1,3,2]dioxaborol-2-ol 33b with 
3,5-bis(trifluoromethyl)phenylboronic acid 16 and found them to be more active in 
the amide condensation of sterically demanding carboxylic acids. 17' 18 At a 5 mol% 
loading and azeotropic reflux in toluene or a-xylene for up to 24 h, the desired amides 
were formed in over 90% yield. However, the thermal contributions (i.e. the 
background, uncatalysed reactions) were not assessed and only two amines were 
screened (benzylamine and N-benzyl-N-methylamine). 
Cl*: o, I B-R 
h I Cl 0 Cl 
33 
a; R = H 
b; R = OH 
1.2.2.3 Other catalytic amide condensations 
1.2.2.3.1 Pyridine boronic acids 
Wang and co-workers have shown that pyridine-3-boronic acid 34 and N-
methylpyridine-3-boronic acid 35 were efficient catalysts for direct amide 
condensation at a loading of 1 mol% under azeotropic reflux conditions in toluene. 19 
Attachment to a polystyrene support provided solid-phase amidation catalyst 36, 
which was air stable, easily isolated and recycled 3 times with no loss of activity. 
~B(OH)2 
[!__ __ -) 
N 
34 
W B(OH)z -...;:::: .....: 
N 
- I 
35 36 
Yamamoto has also screened N-alkyl-4-boronopyridinium salts (5 mol%) for the 
direct amide condensation and observed 37 to be more thermally stable to 
protodeboronation when compared with 3-substituted derivative 35, although it was 
not significantly more active. 18 '20 In addition, this group developed more efficient 
reaction conditions, employing a biphasic mixture of toluene and [emim+]['OTf] 38 
13 
( 5: 1 ), which facilitated reuse of the catalyst since it remained in the [ emim +] roTt] 
layer. Attachment to a polystyrene support to afford 39 provided a heterogeneous 
catalyst which allowed the ionic liquid to be omitted (reaction carried out in toluene 
or a-xylene), with the catalyst recovered by filtration. 
6"" I ~+ [N~ OTt Q N N(±) ~- I '-- Cl 
37 38 39 
B(OHh 
1.2.2.3.2 Titanium and antimony mediated amidation 
The formation of 5- and 6-membered lactams from ro-amino acids is promoted by 
Ti(OiPr)4 in 75-93% yield (Equation 12).21 For good yields, 50 mol% Ti(OiPr)4 is 
required and the route is not applicable to intermolecular amidation, leading to 
isolation of the ammonium salts. The use of boronic acid derivatives is, therefore, 
significantly more widely applicable in terms of substrates, as well as catalyst loading. 
40 
1,2-dichloroethane 
~ 
3h 
93% 
Equation 12 
Q=o 
H 
41 
A more effective catalyst for direct amide condensation is a mixture of 
triphenylstibene oxide and phosphorus decasulfide in a 1:3 ratio (Equation 13).22 The 
reaction is suggested to proceed via the thiocarboxylic acid, which is generated in situ. 
The coupling of N-protected amino acids also proceeded well in DCM at 30 °C, with 
no racemisation. Antimony(III) ethoxide (Sb(OEt)3) has also been demonstrated as an 
amidation catalyst at a loading of5-10 mol% in refluxing toluene. 23 
+ 
42 43 
Ph3Sb0 (5 mol%) 
P4S10 (15 mol%) 
benzene 
40 °C 
5h 
90% 
Equation 13 
14 
44 
1.2.2.3.3 Amide formation at the interface of micelles of fatty acid salts 
In 2005, Kunishima and co-workers elegantly demonstrated that the amide formation 
between sodium salts of several fatty acids and butylamine, in the presence of a 
triazine condensing agent 45 (10 mol%), proceeded in phosphate buffer (pH 8).24 For 
example, sodium laurate 46 and butylamine 47 when stirred at 25 oc for 1 h, produced 
amide 48 in 88% yield (Equation 14). The efficiency of the reaction depends strongly 
on the length of the alkyl chains on both the condensing agent 45 and sodium 
carboxylate 46, and their subsequent ability to form micelles. Shortening the alkyl 
chain on 46 to a propyl decreases the reaction rate(> 1200 fold), whilst increasing the 
length to C1 6H33 on 45 assists the formation of mixed micelles, and hence, increases 
the reaction rate. 
+ 
46 47 
MeO 
>=N \ N~ 1>--!'J; J? 1-N ~ 
MeO O-CaH17 
45 
45(10mol%) 
sodium phosphate buffer 
25 °C, 1 h 
88% 
Equation 14 
48 
1.3 Direct synthesis of esters from carboxylic acids and alcohols 
1.3.1 Introduction 
The esterification of carboxylic acids with alcohols is an equilibrium reaction and is 
usually driven towards the product ester by the addition of the alcohol in excess, or by 
removal of the water produced. A catalytic protocol should ideally use equimolar 
amounts of carboxylic acid and alcohol without the need for dehydration, a neutral 
catalyst to increase substrate scope, and proceed to 100% conversion. 25 The 
development of high activity, low toxicity and low cost, as well as recyclable 
catalysts, is a challenging task. 
15 
1.3.2 Boronic acid catalysed esterification 
Along with the direct amide condensation, boric acid has been shown to catalyse 
esterification of acids and alcohols, although so far, with limited substrate 
applicability. The relatively difficult esterification of phenol 50 versus aliphatic 
alcohols proceeds in high yield, in the presence of 1-5 mol% mixture of boric and 
sulfuric acids.26 The reaction is carried out in refluxing toluene with azeotropic 
removal of water to afford phenyl benzoate 51 in 94% yield (Equation 15). 
Interestingly, both boric acid and sulfuric acid are necessary for the reaction to 
proceed. 
+ 
49 50 
Toluene 
~(-H20) 
Bh 
94% 
Equation 15 
0 )l Ph Ph 0,... 
51 
The room temperature esterification of a-hydroxycarboxylic acids is catalysed by 
boric acid alone?7 Methyl esters were formed in the presence of 10 mol% boric acid 
using methanol as solvent over 18 hours, in 65-99% yield (Equation 16). 
OH B(OHlJ (10 mol%) OH R~OH R~OMe 
MeOH 
0 rt 0 18 h 
52 53 
Equation 16 
a-Hydroxycarboxylic acids reacted selectively with methanol in the presence of a P-
hydroxycarboxylate as demonstrated by formation ofthe monoester ofDL-malic acid 
54. Dimer and diester formation were suppressed by higher dilution. Where no a-
hydroxy group was present, negligible reaction was observed, as in the case of 
benzoic acid, which gave no reaction. 
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.1 /'-... .OH 
MeO' "( I( 
OH 0 
54 
OR' 
I 0-B 
R~b 
0 
55 
Borate 55 (R' = Me) is the proposed intermediate, rather than mixed anhydride 24 
because of selective ester formation at the a-hydroxycarboxylic acid moiety, but this 
has not been confrrmed. The use of ethanol and isopropanol required refluxing or a 
higher catalyst loading (20 mol%). However, the reaction of DL-malic acid with 
isopropanol showed low selectivity for the a-acid (a/~ = 3: 1 ), and no reaction was 
seen with !-butanol with any ofthe substrates tested. 
In 2005, Yamamoto compared N-alkyl-4-boronopyridinium iodide 37 with boric acid 
for the esterification of a-hydroxycarboxylic acids and found that boric acid (5-1 0 
mol%, up to 21 h) at azeotropic reflux in toluene or xylene was highly active for the 
reaction between an equimolar mixture of acid and alcohol. 18'28 However, with an 
excess of alcohol (i.e. as solvent), 37 (5-10 mol%, rt or reflux, up to 22 h) was 
demonstrated to be more efficient. Polystyrene-bound derivative 39 was also found to 
be an active and recoverable catalyst in the presence of excess alcohol. 
()~+ Q Cl 
37 39 
B(OH)z 
The active amidation catalyst 3,4,5-trifluorophenylboronic acid 15 was also shown to 
catalyse the esterification of 4-phenylbutyric acid in n-butanol (bp 117.7 °C), with a 1 
mol% loading furnishing then-butyl ester in 88% yield. 11 However, the methyl ester 
was isolated in only 14% yield. 
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1.3.3 Metal-based catalysts for esterification 
1.3.3.1 Nickel, iron and titanium 
The use of NiCh.6H20 at a 10 mol% loading has been shown to catalyse the 
formation of methyl and ethyl esters from aliphatic carboxylic acids in an excess of 
refluxing alcohol over 3-13 hours.29 However, the catalyst is ineffective with !-butanol 
as the alcohol component and shows limited or no activity in reactions involving 
aromatic or conjugated acids. Similarly, Fe2(S0)4.xH20 catalyses the esterification of 
aliphatic acids with unbranched aliphatic alcohols. 30 
Under comparable conditions to the NiCh.6H20 catalysed esterification, Fe3+-K-10 
montmorillonite clay also mediates the esterification of acids and alcohols, but again 
is not active for aromatic acids, and excess alcohol is used as the solvent. 31 This can 
be useful if the selective esterification of a molecule containing an aromatic and 
aliphatic acid is required. The catalyst can also be isolated and reused. On the other 
hand, the substrate scope of the method is limited, and the use of excess alcohol 
would be problematic if the esterification is required between an alcohol of limited 
availability or high cost. 
Of significant interest from a 'green' standpoint is the heterogeneous catalytic 
esterification mediated by montmorillonite-enwrapped titanium (Ti4+-mont) between 
equimolar amounts of carboxylic acid and alcohols under solvent-free conditions.32 
Benzoic acid 49 and 3-phenyl-1-propanol 56 were heated at 150 oc for 6 hours, with 
removal of water by 4A molecular sieves in a soxhlet thimble, to afford the ester 57 in 
99% yield (Equation 17). 
49 
Ph~OH 
56 
Ti4•-Mont (2 mol% Ti) 
150°C 
(-H20) 
6h 
99% 
Equation 17 
0 
Ph)lO~Ph 
57 
Trimethylacetic acid was found to react under the same conditions with alcohol 56 to 
produce the corresponding ester in 99% yield after 3 hours. The recyclability of the 
catalyst (isolated by filtration) was demonstrated in the esterification of lauric acid 
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(CH3(CH2) 10C02H) with alcohol 56 (120 °C, 3 hours) to afford the condensation 
product in 96% yield even after 4 cycles. 
More recently, Chen and co-workers have employed TiO(acac)z (3 mol%) as a general 
catalyst for esterification between a wide variety of carboxylic acids and alcohols 
( 1: 1) in refluxing xylene with excellent yields (Equation 18). 33 
+ 
R = alkyl, aryl, heteroaryl R = 1° and 2° 
alkyl, aryl 
TiO(acach (3 mol%) 
Xylene, f. 
Dean-Stark 
12-36 h 
Equation 18 
1.3.3.2 Hafnium, zirconium and iron-zirconium salts 
85-100% 
Yamamoto has shown that the direct esterification of equimo lar amounts of 
carboxylic acids and alcohols is catalysed efficiently by hafnium(IV) and 
zirconium(IV) salts. 34 In particular, the tetrahydrofuran complex Hft::4.(THF)2 was 
found to be particularly active. 
PhC02H + 
HfCI4 (THFh (0.1 mol%) 
toluene,!\., 18 h. >99% 
Equation 19 
HfC14 .(THFh (0.2 mol%) 
toluene,!\., 15 h, 92% 
Equation 20 
PhC02Bn 
59 
For most acid and alcohol combinations, a loading of 0.2 mol% in refluxing toluene 
(under argon) was sufficient to furnish the esters in >90% yield (e.g. esters 58 and 
59). Removal of water was found to be very important, affording better results than a 
solvent free system at the same temperature. Aromatic substrates required a higher 
catalyst loading (1 mol%) and/or a higher boiling solvent such as a-xylene or 1,3,5-
mesitylene (e.g. esters 60 and 61). 
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+ PhOH 
HfCI4 (THFh (0.2 mol%) 
o-xylene, t., 36 h, 91% 
Equation 21 
mesitylene, t., 24 h, 95% 
+ P-OH HfCI4 (THF)2 (1 mol%) 
Equation 22 
Although the reaction failed to proceed with tertiary alcohols, esterification with low 
boiling methanol at room temperature afforded the methyl ester 62 in 99% yield, 
without removal of water (Equation 23). The selective catalytic esterification of 
primary alcohols in the presence of secondary or aromatic alcohols was also 
demonstrated. 35 
HfCI4(THFh (1 mol%) 
MeOH, rt, 11 h, 99% 
Equation 23 
In an extension to this work, Zr0Ch.8H20 was shown to be an air stable, water-
tolerant and recyclable catalyst for direct esterification. 35 The reaction of 4-
phenylbutyric acid 28 and benzyl alcohol at azeotropic reflux in heptane, over 8 hours 
in the presence of 1 mol% ZrOCh.8H20 afforded ester 58 in 95% yield. The 
remarkably simple recycling procedure involves addition of 1M HCl to the reaction, 
decantation, addition of another portion of acid and alcohol in heptane to the aqueous 
solution and subsequent reflux. The yield of ester 58 only decreases to 93% over 3 
cycles. 
Hafnium(IV) bis(perfluorooctanesulfonyl)amide complex (Hf1NS02C8F 17 ) 2] 4) was 
used in a fluorous biphase system for the direct esterification of carboxylic acids and 
alcohols under mild conditions (Equation 24). 36 The removal of water is not required 
and the reactants are used in equimolar amounts. Under these conditions, 
HfC4.(THFh furnished cyclohexyl acetate 63 in only 29% yield. 
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AcOH + 
perfluoro(methylcyclohexane) 
1,2-dichloroethane (1 :1) 
50 °C, 8 h. 82% 
Equation 24 
o-OAc 
63 
Recycling of the fluorous phase 5 times and subsequent esterification afforded ester 
63 with negligible decrease in catalytic activity, although extension of the system to 
other substrates failed to produce consistently high yields, e.g. benzoic acid and 
benzyl alcohol formed the corresponding ester 59 in only 21% yield. However, the 
conversion of methacrylic acid 64 to methyl methacrylate 65 proceeded in 86% yield 
at 60 oc (Equation 25). Further investigation of methyl methacrylate formation, using 
a different solvent system, 5 equivalents of methanol and in the presence of 1.6 
equivalents of water, showed the initial rate of esterification with Hf{NS02C8F 17 )2]4 
was 9 times that of H2S04 at identical loading. 37 
+ MeOH 
perfluoro(methylcyclohexane) 
1,2-dichloroethane (1:1) 
60°C, 8 h, 86% 
Equation 25 
An iron(III)-zirconium (IV) combined salt, prepared from Zr(OiPr)4 and Fe(OiPr)3 in 
situ has also been shown to be an active ester condensation catalyst for equimolar 
amounts of carboxylic acids and alcohols. 38 In order to facilitate catalyst recovery and 
product isolation, the combined salt has been immobilised on N-
(polystyrylbutyl)pyridinium triflylimide 66 in situ.39 Interestingly, the combined salt 
is immobilised on 66 only after the esterification is complete (which leads to the 
reaction mixture turning colourless) and is therefore a homogenous catalysis. A 
catalyst loading of 2 mol%, refluxing heptane and 24 h was sufficient for excellent 
yields ofthe substrates screened, even after four runs. 
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1.3.3.3 Zinc- and tin-based catalysts 
Zinc perchlorate hexahydrate (Zn(Cl0)4.6H20) has been shown to catalyse the direct 
condensation between carboxylic acids and alcohols under solvent-free conditions.40 
3-Phenylpropionic acid 67 and 1-octanol 68 react to produce the corresponding ester 
69 in 95% yield, in the presence of 5 mol% of catalyst and a stoichiometric amount of 
MgS04 as dehydrating agent (Equation 26). The catalyst has wide substrate scope, but 
fails to esterify tertiary alcohols. More sterically hindered substrates require a higher 
catalyst loading (10 mol%) or higher temperature (100 °C), but the catalyst is of low 
cost, non-toxic, air stable and easily recyclable. The recycling procedure simply 
requires the dilution of the reaction mixture with DCM, subsequent filtration and 
heating in an oven ( 60 oq overnight to reactivate the catalyst. 
67 68 
MgS04 (1 equiv) 
80 °C, 8 h, 95% 
Equation 26 
69 
Otera and co-workers have also developed a recyclable esterification catalyst -
fluorous distannoxane catalyst 70 catalyses the esterification of equimolar amounts of 
carboxylic acids and alcohols. 41 The fluoroalkyl groups render 70 virtually insoluble 
in most organic solvents, and extremely fluorophilic. 
Reactions were carried out in FC-72 (perfluorohexanes, 3M company, St. Paul, MN) 
in the presence of5 mol% of70 with heating at 150 oc (Equation 27). 
0 
70 (5 mol%) 
RJlOR' RC02H + R'OH 
FC-72 
71 72 150 °C 73 
10 h 
Equation 27 
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Reaction of 71 (R=Ph(CH2)z) with benzyl alcohol 72 (R'=PhCH2) afforded the 
corresponding ester 73 in quantitative yield. The catalyst 70 could be recovered from 
the fluorous phase after addition oftoluene, although on scale up, product ester could 
be removed with a pipette and subsequent reuse of the fluorous phase over 1 0 cycles 
still afforded quantitative yields of ester. The reaction shows limited substrate scope, 
however, with the esterification of secondary alcohols failing to proceed in adequate 
yield. In addition, only electron-deficient aromatic acids 71 (R = C6F5, p-N02C6H4, p-
CF3C6H4) reacted satisfactorily, with benzoic acid affording only 22% conversion. 
1.3.4 Metal-free catalysts for esterification 
A remarkably simple metal-free procedure for ester formation involves heating a 1:1 
mixture of acid and amine under microwave irradiation for 3-10 minutes, in the 
presence of p-toluenesulfonic acid (0.5 equivalents).42 Benzoic acid and n-octanol 
produced the corresponding ester in 97% yield after 3 minutes under these conditions. 
Iodine has also been shown to catalyse esterification.43 Refluxing the carboxylic acid 
in an excess of the alcohol for 4-20 hours in the presence of 1 mol% iodine afforded 
yields in the 90% region for most substrates. The reaction proceeds with primary and 
secondary alcohols, but t-butanol required a higher catalyst loading, longer reaction 
time and afforded only moderate yield. The reaction of aromatic acids failed to 
proceed but the reaction system was found to be water tolerant and did not require 
dehydration. 
Tetracyanoethylene 74 and dicyanoketene dimethyl acetal 75 catalysed esterification 
is another system which uses excess alcohol as solvent and does not require 
dehydration. 44 
NC CN NC OMe 
>==< >==< NC CN NC OMe 
74 75 
Reaction of lauric acid 76 with primary aliphatic alcohols proceeded well at room 
temperature (Equation 28). More difficult substrates required heating at 60 °C, but 
23 
secondary alcohols were nevertheless esterified in lower yield and t-butanol failed to 
react. 
~C02H 
74 or 75 (20 mol%) 
ROH, 48 h 
76 77 
Equation 28 
The use of equimolar amounts of carboxylic acid and alcohol is beneficial in terms of 
atom economy. Diaryl ammonium arenesulfonates 78 have been shown to catalyse 
esterification with a I: 1 ratio of acid and alcohol. 
78 
Dipheny1ammonium triflate (DPAT) 78 (Ar =Ph, R = CF3) was demonstrated as an 
active esterification catalyst, with 1 mol% loading furnishing the esters from primary 
alcohols in the 90% region within 4-8 hours at 80 oc in toluene.45 Secondary alcohols 
required 5-10 mol% catalyst and 24 hours, and benzoic acid with octanol required 48 
hours in the presence of 5 mol% DPAT (94% yield). The removal of water from the 
reaction mixture was not required. The use of fluorous solvents, in particular 
perfluorohexane (C6F14), in place oftoluene was shown to have a beneficial effect on 
the esterification of hindered substrates, but the esterification of tertiary alcohols still 
failed. 46 Modification of DP AT to incorporate a p-nitro group on one of the phenyl 
rings had no beneficial effect on catalytic activity. 47 
Ishihara has shown that bulky diarylammonium arenesulfonates, particularly 
dimesitylammonium pentafluorobenzenesulfonate 79, are efficient esterification 
catalysts, without the strong acidity of DP AT .48 In fact, substituting the 
pentafluorobenzenesulfonate counter ion for tosylate had little effect on catalytic 
activity and [Ph2NH2t[OTsr was found to be more active than DPAT. This was 
proposed to be due to the effect of surrounding the ammonium group with 
hydrophobic N-aryl and S-aryl groups. The catalyst 79 showed wide substrate scope 
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with heating in heptane at 80 oc in the presence of 1 mol% catalyst generally being 
sufficient. In addition, methyl and octyl esters could be formed at room temperature 
under solvent free conditions. 
+ 
79 
An interesting concept is the facilitation of esterification reactions in water. In terms 
of 'green' chemistry, the use of water as a solvent is ideal. The use of surfactant-type 
acid catalyst p-dodecylbenzenesulfonic acid (DBSA) leads to the formation of 
emulsion droplets in water, with the hydrophobic interior containing the reactants.49 
Generated water is expelled from the droplets, driving the equilibrium to ester 
formation. Although, the system works well only with lipophilic reactants, e.g. lauric 
acid 76 in the presence of 2 equivalents of long chain aliphatic alcohols (89-99% 
yield), the conditions are very mild - 10 mol% catalyst, 40 °C, 48 hours. Increasing 
the temperature or catalyst loading resulted in decreased yields of ester. 50 The 
detrimental effect of increased catalyst loading was attributed to the formation of 
smaller emulsion droplets and thus, a smaller hydrophobic area available for the 
reaction to take place. 
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2. Results and Discussion - Direct amide formation from carboxylic 
acids and amines 
2.1 Introduction 
As discussed in the introduction, there are limited examples of direct catalytic amide 
formation from carboxylic acids and amines. The existing examples suffer from a 
range of drawbacks to include inadequate substrate scope, a general lack of reactivity 
requiring forcing reaction conditions and, consequently, issues regarding catalyst 
stability. In addition, the thermal contributions to the reactions have only been 
assessed in a very limited number of cases. 
The design, synthesis and screening of amino-boronic acids as catalysts for direct 
amide formation offers the opportunity to address some of these concerns. Amino-
boronic acids utilise the cooperative effect of a Lewis acidic boronic acid and basic 
amine moiety attached to a rigid backbone, providing the potential to function as 
bifunctional organic catalysts (Figure 1 ). Important considerations include the 
distance between the boronic acid and amine, their relative strengths and the structure 
of the amine. 
Figure 1. General structure for an amino-boronic acid. 
2.2 Investigations into thermal and boronic acid-catalysed direct amide 
formation 
The direct catalytic amide condensation between equimolar amounts of carboxylic 
acids and amines was first examined with N,N-diisapropylbenzylamine-2-boronic acid 
80a.51 
SO a 
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Previous work in the group has identified 80a as an efficient catalyst for the direct 
amide condensation in toluene. The use of lower temperature conditions would be 
advantageous allowing the use of more sensitive substrates and reducing the thermal 
contribution to the reaction. Fluorobenzene (bp 85 °C) was selected as a suitable 
solvent, allowing azeotropic removal of water, yet avoiding the hazards of using 
benzene (Equation 29). 
BOa (x mol%) Jl 
~~~-u-or-ob-en-ze_n_e ~~~ R NR 1R2 
azeotropic reflux 
24 h 
Equation 29 
2.2.1 Thermal contribution to direct amide condensation 
First of all, the thermal contributions to the amide condensation were assessed 
between various carboxylic acids and amines, selected to provide a diverse range of 
steric and electronic properties (Figure 2). 
0 
Ph~C02H 
'f'oH 
PhC02H 
81 82 83 
PhNH2 Ph/""-..NH2 Ph~NH2 
84 85 86 
1\ H 
)LNH2 0 NH INY \.._/ 
87 88 89 
ct H Jj INI 
90 91 92 
Figure 2. Substrates screened in the amide condensation. 
A mixture of the acid and amme m equimolar amounts were stirred at reflux in 
fluorobenzene (no inert atmosphere) for 24 hours, with water removal afforded by a 
soxhlet thimble containing calcium hydride (Equation 29). Isolated yields of amide 
for the various acid and amine combinations are shown in Table 1. 
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Table 1. Isolated yields for the thermal contribution to the amide condensation in 
fluorobenzene. 
Acid 4-Phenylbutyric 
Amine 
Aniline 84 
Benzylamine 85 
4-Phenylbutylamine 
86 
Morpholine 87 
Diisapropylamine 88 
t-Butylamine 89 
2,2,6,6-
Tetramethylpiperidine 
90 
acid 81 
16% 
2% 
4% 
Trimethylacetic 
acid 82 
0.5% 
0.5% 
Benzoic acid 83 
1% 
"Conditions: acid (5 mmol), amine (5 mmol), fluorobenzene (50 mL), 85°C, 24 h; isolated yields. 
4-Phenylbutyric acid 81 and benzylamine 85 is the only combination that produces a 
significant amount of amide under thermal conditions. Increasing steric hindrance at 
the acid reduces the amide yield substantially and most acid-amine combinations 
failed to react. 
2.2.2 N,N-Diisopropylbenzylamine-2-boronic acid 80a catalysed reactions 
2.2.2.1 4-Phenylbutyric acid 81 
Initially, the screening of 4-phenylbutyric acid 81 was carried out in the presence of 
amino-boronic acid 80a (1 mol%), under the conditions shown in Equation 29. 
However at this temperature (85 °C), this catalyst loading proved insufficient to 
provide a reasonable reaction rate. Therefore, the loading of 80a was increased to 10 
mol% and the reaction with aniline 84 was carried out under argon protection (Table 
2). In the absence of an argon atmosphere, aniline oxidation led to the formation of a 
very dark brown oil and no amide formation was observed. 
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Table 2. Screening of amide formation using 4-phenylbutyric acid 81 with catalyst 
80a. 
Entry Amine Yield amide Yield Yield 
(%) 80a (1 amide(%) amide(%) 
mol%) 80a (10 80a (0 
mol%) mol%) 
1a Aniline 84 12 
2 Benzylamine 85 22 68 16 
3 4-Phenylbutylamine 86 12 70 2 
4 Morpholine 87 15 67 4 
5 Diisapropylamine 88 Not run 
6 !-Butylamine 89 Not run 
7 2,2,6,6- Not run 
Tetramethylpiperidine 
90 
8 Di-sec-butylamine 91 Not run 
9 1-Adamantylamine 92 Not run 
"Under argon. 6Conditions: acid (5 mmol), amine (5 mmol), fluorobenzene (50 mL), 85°C, 
24 h; isolated yields. 
Runs with benzylamine 85, 4-phenylbutylamine 86 and morpholine 87 (entries 2-4) 
afforded the amide in around 70% yield. Less active aniline 84 produced the 
corresponding anilide in 12% yield (entry 1), which was surprising at this relatively 
low temperature. A comparison with yields obtained in the absence of catalyst 75, 
shows that 4-phenylbutylamine 86 and morpholine 87 give the greatest improvement 
in yield (entries 3 and 4). 
Diisapropylamine 88 (bp 84 °C) and t-butylamine 89 (bp 46 °C) failed to react during 
initial screening with 80a (1 mol%), and in order to check that this was not only due 
to their low boiling points, these amines were substituted with di-sec-butylamine 91 
(bp 135 °C) and 1-adamantylamine 92 (mp 205-208 °C). However, these substrates 
failed to react under both thermal and catalysed conditions, i.e. in the presence of 80a 
(entries 8-9), suggesting these hindered amines are considerably more difficult 
substrates. 
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2.2.2.2 Trimethylacetic acid 82 
The screening of trimethylacetic acid 82 under identical conditions (Equation 29) 
afforded substantially reduced yields of amide, presumably due to steric hindrance 
(Table 3). In addition, the electron-donating t-butyl group will also decrease reactivity 
making this acid a difficult substrate. 
Table 3. Screening of amide formation using trimethylacetic acid 82 with catalyst 
80a. 
Entry Amine Yield amide Yield amide 
(%) 80a (10 (%) 80a (0 
mol%) mol%) 
1a Aniline 84 
2 Benzylamine 85 15 0.5 
3 4-Phenylbutylamine 86 6 0.5 
4 Morpholine 87 
5 2,2,6,6-Tetramethyl-
piperidine 90 
6 Di-sec-butylamine 91 
7 1-Adamantylamine 92 
"Under argon. Conditions: acid (5 mmol), amine (5 mmol), fluorobenzene (50 mL), 
85°C, 24 h; isolated yields. 
Amide was only produced in the case of the more active primary amines benzylamine 
85 and the non-hindered 4-phenylbutylamine 86 (entries 2-3), however, catalyst 
turnover is extremely slow. No reaction was observed with secondary amines (entries 
4-6), and deactivated aniline 84, as well as hindered 1-adamantylamine 92, also failed 
to react (entries 1 and 7). 
2.2.2.3 Benzoic acid 83 
The results obtained with benzoic acid 83 under the same conditions (Equation 29) 
were more promising (Table 4), suggesting that the increase in steric hindrance 
afforded by the phenyl group is less detrimental to amide yields than that of the t-
butyl group oftrimethylacetic acid 82. 
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Table 4. Screening of amide formation using benzoic acid 83 with catalyst 80a. 
Entry Amine 
1 Aniline 84 
2 Benzylamine 85 
3 4-Phenylbutylamine 86 
4 Morpho line 87 
5 2,2,6,6-Tetramethyl-
piperidine 90 
6 Di-sec-butylamine 91 
7 1-Adamantylamine 92 
Yield amide 
(%) 80a (10 
mol%) 
50 
10 
11 
Yield amide 
(%) 80a (0 
mol%) 
•under argon. Conditions: acid (5 mmol), amine (5 mmol), fluorobenzene (50 mL), 
85°C, 24 h; isolated yields. 
Benzylamine 85 formed the corresponding amide in 50% yield (entry 2). The reaction 
with 4-phenylbutylamine 86 produced the benzamide in 10% yield, with no 
contribution from the thermal reaction (entry 3). This was also the case with 
secondary amine morpholine 87 (entry 4), but turnover is very slow or non-existent in 
both these cases. Hindered substrates again failed to react. 
2.2.2.5 Summary of N,N-diisopropylbenzy1amine-2-boronic acid 80a screen 
A summary of the results of the screen of N,N-diisapropylbenzylamine-2-boronic acid 
80a (10 mol%) is shown in Table 5. Unhindered, 4-phenylbutyric acid 81 is the most 
reactive acid and benzylamine 85 the most reactive amine. 4-Phenylbutylamine 86 
reacted to form amide in all cases, but the yield was only satisfactory with 4-
phenylbutyric acid 81 (70%). Morpholine 87 (an unhindered secondary amine) 
reacted well with 4-phenylbutyric acid 81, and deactivated aniline 84 also reacted 
with this acid. The amide condensation mediated by catalyst 80a is significantly 
affected by steric and electronic factors and as a result is highly substrate dependent. 
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Table 5. Results of screen of catalyst SO a (1 0 mol%) in direct amide condensation. 
Acid 4-Phenylbutyric 
Amine 
Aniline 84a 
Benzylamine 85 
4-Phenyl-
butylamine 86 
Morpholine 87 
2,2,6,6-
Tetramethyl-
piperidine 90 
Di-sec-butylamine 
91 
Adamantylamine 
92 
•under argon. 
acid 81 
12% 
68% 
70% 
67% 
Trimethylacetic 
acid 82 
15% 
6% 
Benzoic acid 83 
50% 
10% 
11% 
In all these reactions, instantaneous formation of solids on addition of the acid and 
amine was observed. 1 H NMR confirmed these as the carboxylate-ammonium salts in 
the cases of 4-phenylbutyric acid 81 with both benzylamine 85 and 1-adamantylamine 
92, in fluorobenzene at room temperature, suggesting the reaction proceeds via initial 
salt formation. 
2.2.3 Comparison of catalysts for direct amide condensation52 
A comparison of amidation catalysts (SOb, 94, 95 and boric acid) was made between 
4-phenylbutyric acid 81 and 4-phenylbutylamine 86, because ofthe low thermal (2%) 
and high catalyst contribution to the reaction (Scheme 2). After 24 hours, in the 
presence of 10 mol% of each catalyst, good yields were obtained in all four cases 
(Table 6). 
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0 or 10 mol% catalyst 
+ 
fluorobenzene 
azeotropic reflux 
81 ; R1 = Ph(CH2b 85; R2 = PhCH2 
83; R1 =Ph 86; R2 = Ph(CH2)4 
Catalysts: B(OH b FV B(OHh I ""= 
F h 
F 94 95 
0 
R,JlN / R2 
I 
H 93 
a; R1= Ph(CH2b. R2 = PhCH2 
b ; R1= Ph(CH2h· R2 = Ph(CH2)4 
c; R1= Ph, R2 = PhCH2 
d ; R1= Ph, R2 = Ph(CH2)4 
80 
a· R = 1Pr 
b'; R =Me 
Scheme 2. Direct amide formation and catalyst structures. 
Table 6. Screen of catalysts for formation of N-4-phenylbutyl-4-phenylbutyramide 
93b. 
Entry Catalyst Yield 93b (%) 
(10 mol%) 
1 SOb 86% 
2 B(OH)3 82% 
3 95 78% 
4 94 88% 
Since there is no significant difference between the obtained yields of amide over 24 
hours in the presence of these catalysts, conversion vs. time data was obtained for four 
reaction combinations, as outlined in Scheme 2. A Gilson 215 liquid handler with 
ReactArray setup was employed to monitor amide formation by direct sampling and 
online HPLC analysis. This consists of a needle attached to a robotic arm and syringe 
pump, programmed to carry out sampling directly from the reaction vessels as 
required. Acetonitrile is aspirated initially as a quench and then a sample is taken. The 
sample and quench are transferred to an HPLC vial and mixed by blowing air through 
at a rate set by the user. Once the mix cycle is complete, more acetonitrile is aspirated 
for use as diluent and a sample is subsequently aspirated from the first HPLC vial. 
This is dispensed into a second HPLC vial and mixed. Further dilutions can be 
carried out until the required HPLC concentration is reached, and the sample is then 
analysed using the integrated HPLC system. 
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The parallel reactions were carried out in a heating block capable of running 10 
reactions at a single temperature simultaneously, under argon with dehydration 
afforded by azeotropic reflux via 3A molecular sieves. 
During initial experiments, crossover between the reaction vessels was observed, and 
the reaction volume was reduced from 15 mL to 10 mL. In order to quantify the data, 
an internal standard was used and naphthalene was found to be ideal, being both non-
volatile and allowing easy separation from the other reaction components by reverse 
phase HPLC. 
Further problems with respect to the sampling consistency of the ReactArray 
workstation were rectified following consultation with ReactArray and the method 
was subjected to several modifications. The injection concentration was increased 
from 1 to 2.5 !JLimL, as well as that of the internal standard from 5 to 15 mol%. In 
addition, one dilution step was removed in order to reduce the sampling error. Hence 
the sampling procedure was modified from sample 100 ~-tL, quench 900 ~-tL, two 10-
fold dilutions to sample 50 ~-tL, quench 950 ~-tL, one 20-fold dilution and the mixing 
protocol was made more thorough (air mix 75%, 5 times, aspirate/dispense 2 mL/min 
to air mix 100%, 10 times, aspirate 10 mL/min, dispense 20 mL/min). 
Reactions were carried out in the presence of no catalyst, boric acid 16 and catalysts 
94/ Ia 95, 80a51 and SOb for each of the four substrate combinations. The data was 
fitted to first order kinetics53 where possible and initial rate constants54 are given 
where the reaction was too slow (Figure 3). 
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Figure 3. Yield vs. time data and rate constants for the catalytic amide condensation. 
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Reaction key (Figure 3): 
1. 4-Phenylbutyric acid S1 + Benzylamine S5 
2. Benzoic acid S3 + Benzylamine S5 
3. 4-Phenylbutyric acid S1 + 4-Phenylbutylamine S6 
4. Benzoic acid S3 + 4-Phenylbutylamine S6 
Catalyst key: 
----Thermal reaction 
Boric acid 
----N,N-Diisopropylbenzylamine-2-boronic acid SOa 
-----N,N-Dimethylbenzylamine-2-boronic acid SOb 
----3,4,5-Trifluorophenylboronic acid 94 
-----Phenylboronic acid 95 
The thermal reaction between 4-phenylbutyric acid Sl and benzylamine S5 (Reaction 
1) accounts for ca. 60% conversion in 24 h. 3,4,5-Trifluorophenylboronic acid 94 
was the best catalyst for this combination, whilst boric acid was the least effective. 
With 4-phenylbutylamine S6 (Reaction 3), there was a significantly reduced thermal 
contribution to the formation of amide 93b (ca. 40% in 48 h). Catalyst 94 was again 
the most effective, followed by phenylboronic acid 6, with the others being virtually 
identical. 
Benzoic acid S3 led to the observation of enhanced differences between catalysts 
(Reactions 2 and 4) . The thermal reaction was non-existent in the case of either 
amine and catalyst SOa stood out clearly as the most active catalyst. Since the 
reaction between benzoic acid S3 and 4-phenylbutylamine S6 (Reaction 4) showed no 
enhanced reactivity (ki = (2.32 ± 0.04) x 10·7) upon addition of diisopropylethylamine 
(1 0 mol%) to the phenylboronic acid-catalysed reaction, and diisopropylethylamine 
alone did not catalyse the reaction, the advantage of an intramolecular base (i.e. 
bifunctional catalysis) was clearly demonstrated. Structurally related SOb was less 
effective, presumably because of B-N chelation in both solid and solution states, 
which is disfavoured in 25a because of the hindered diisopropylamine moiety. 51 
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2.2.4 Catalyst stability and proposed mechanism 
2.2.4.1 Catalyst stability in the presence of carboxylic acid 
In order to determine the stability of the catalysts used m the catalytic amide 
condensation, the catalysts were heated with carboxylic acid under reaction conditions 
with sampling and analysis by 1H and 11 B NMR (Scheme 3). In particular, 
decomposition of the boronic acid catalysts 94 and 80a to boric acid, along with any 
difference in interaction between the aliphatic acid 81 and aromatic acid 83 towards 
the catalysts was investigated. Boric acid is cheap and readily available, and therefore, 
if catalyst decomposition is facile, work needed to be focused upon improving catalyst 
stability through the design of new catalysts or modification of reaction conditions. 
0 Jl + catalyst (0 or 10 mol%) 
R1 OH fluorobenzene 
azeotropic reftux 
Soxhlet (CaH2l 81 ; R1 = Ph(CH2b 
83; R1 =Ph 
Catalysts: B(OH lJ FVB(OHh 
1 '-':: 
// 
F 
F 94 80a 
Scheme 3. Testing catalyst stability in the presence of carboxylic acid. 
Samples were taken after stirring at ambient temperature for 1 h, and then after 
heating for 1, 2, 4, and 24 hours. Since boric acid is insoluble in CDCb, a D20 shake 
was employed to allow detection by 11 B NMR. 1H NMR was taken before the 0 20 
shake in order to detect the presence of anhydride, however, it proved difficult to 
determine whether anhydride (symmetric or mixed) had been formed because of the 
broad carboxylic acid proton signal. In addition, 13C NMR and IR analysis of the 
stability testing experiments in the presence of 4-phenylbutyric acid 81 showed no 
characteristic differences. The boric acid reaction mixture was not homogenous after 
4 h reflux, whereas the catalyst 94 reaction mixture was homogeneous after stirring 
for 1 h at ambient temperature. In comparison, catalyst 80a was seen to dissolve in 15 
minutes at room temperature, presumably due to formation of the carboxylate-
ammonium salt. 
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Table 7. 11 B NMR data for RC02H +boric acid. 
Temperature T ;oc Time@ T/°C 8s(CDCbt 
4-Phenylbutyric acid 81 Benzoic acid 83 
Ambient 1 h 19.4 19.5 
85 1 h 19.6 19.5 
85 2h 19.4 19.6 
85 4h 19.6 19.5 
85 24 h 19.6 19.4 
"After D20 shake. 
Boric acid showed negligible change in the 11 B NMR, displaying the expected signal 
for boric acid at 88 = 19.5 ( 
Table 7). In companson, 3,4,5-trifluorophenylboronic acid 94 showed some 
decomposition to boric acid (88 = 19.5) with 4-phenylbutyric acid 81 over 24 hours, 
but the main species remained the boronic acid (88 = 28). Less deboronation was seen 
in the case of benzoic acid 83, with deboronation appearing to have reached a 
maximum after 4 h at reflux. However, the poor solubility of boric acid makes this 
difficult to quantify (Table 8). 
Table 8. 11 B NMR data for RC02H + 3,4,5-trifluorophenylboronic acid 94. 
Temperature T /°C 
Ambient 
85 
85 
85 
85 
Time@ T/°C 
1 h 
1 h 
2h 
4h 
24 h 
8s(CDCht 
4-Phenylbutyric acid 81 
28.2 
28.3 
28 .2 and 19.6 (6: 1) 
28.3 and 19.5 (5:1) 
28.2 and 19.6 (3: 1) 
Benzoic acid 83 
28.1 
28.3 
28.3 
28.2 and 19.5 (6: 1) 
28.3 and 19.5 (6: 1) 
a After D20 shake. Peak height ratio is given in parentheses. 
On the other hand, N,N-diisapropylbenzylamine-2-boronic acid 80a showed no 
decomposition to boric acid in the 11 B NMR (Table 9). A white precipitate was seen 
in the flask after 4 h at reflux, and after 24 h, the reaction mixture was a turbid 
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suspension. The 11 B NMR showed signals that were not anticipated, with the shift to 
lower frequency suggesting an increasing negative charge on boron and formation of 
a tetrahedral 'ate' -complex. Due to the broad peaks observed with 11 B NMR, the 
signals at 88 6.6 and 3.2 are presumably indicative of the formation of the same type 
of species. These observations coupled with the evidence from mass spectrometry 
analysis (vide infra), suggests formation of a triacylboron 'ate' complex l 
Table 9. 11 B NMR data for RC02H + JV,N-diisapropylbenzylamine-2-boronic acid 
80a. 
Temperature TfOC 
Ambient 
85 
85 
85 
85 
• After D20 shake. 
1 h 
1 h 
2h 
4h 
24 h 
8B(CDCbt 
4-Phenylbutyric acid 81 
27.6 
27.6 
28.3 
27.3 
3.2 
Benzoic acid 83 
26.5 
27.4 
26.8 
27.1 
6.6 
2.2.4.2 Catalyst stability under amide condensation reaction conditions 
In order to determine whether proto-deboronation of trifluorophenylboronic acid 94 
(10 mol%) occurred in the presence of amine, the catalyst was heated under reaction 
conditions with 4-phenylbutyric acid 81 and 4-phenylbutylamine 86. The more 
electron rich acid 81 was selected since proto-deboronation of catalyst 94 is faster 
compared with benzoic acid 83 in the absence of amine. The amine 86 was selected 
because of its lower reactivity towards direct amide formation compared with 
benzylamine 85. 
The reaction was carried out in toluene-d8 (at 85 and 110 °C) in NMR tubes over 22 h. 
19F NMR showed clearly that 94 was stable at the lower temperature of 85°C. 
However, trifluorobenzene formation could not be detected by HPLC in the higher 
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temperature reaction. Since trifluorobenzene (bp 94-95 oq may have been lost from 
the NMR tube, the reaction was repeated in refluxing toluene over 24 h. Naphthalene 
(5 mol%) was used as an internal standard, a condenser was fitted, and samples were 
taken after 30 minutes cooling at 0, 2, 17 and 24 hours. HPLC analysis (Phenomenex 
Gemini C18 5 ~m, 150 mm x 4.60 mm; gradient MeCN (0.05% TFA) I water (0.05% 
TFA) 0:100 to 100:0 over 29 minutes; 1 mL min-1) showed no trifluorobenzene (tr = 
15.97 min) had been formed and that the amount of trifluorophenylboronic acid 
remained constant at each sample point. 
It may be the case that proto-deboronation is not observed because of the fast 
amidation reaction, which is virtually complete in 2 h when an increased loading of 
catalyst 94 (10 mol%) is used. For more difficult amide condensations, where the 
carboxylate-ammonium salt is present for a longer period, proto-deboronation may 
still take place. 
2.2.4.3 Evidence for intermediates and proposed mechanisms 
2.2.4.3.1 Thermal reaction 
The reaction of benzoic anhydride with benzylamine 85 showed 100% conversion to 
N-benzylbenzamide 93c in less than 2 minutes, suggesting that anhydride formation is 
the most likely rate determining step in the thermal reaction. Hence, the proposed 
mechanism is shown in Scheme 4. Unfortunately, heating 4-phenylbutyric acid 81 in 
toluene for 8 h, both in the presence and absence of diisopropylethylamine (1 
equivalent) with monitoring by ReactiR, failed to lead to detection of any symmetric 
anhydride. 
Scheme 4. Proposed mechanism for thermal amide formation . 
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2.2.4.3.2 Catalysed reactions 
On heating a mixture of 4-phenylbutyric acid 81 and catalyst 80a (2: 1) in C6D6 for 6 
hours, under identical conditions to those of the direct amide formation (i.e. 
azeotropic reflux via 3A molecular sieves), and analysis by electrospray mass 
spectrometry led to evidence for several intermediates. 'Ate'-complex I, boroxine II, 
diacyloxyboronate III and dimer IV corresponded to the following ESI-MS signals: 
m/z 714.1 [I+Na t, 652.5 [II+Ht, 550.3 [III+Na t, 528.3 [III+Ht and 453.3 
[IV+Ht. 1H NMR showed broad signals indicating exchange and 13C NMR showed 
no significant difference versus 4-phenylbutyric acid 81, whilst 11 B NMR showed two 
signals at 88 = 29.9 and 3.7. The signal at 88 = 29.9, corresponds to sp2-hybridised 
boron, i.e. free boronic acid 80a, boroxine II and diacyloxyboronate III, and 88 = 3. 7 
corresponds to 'ate' -complex I. Infrared showed no significant difference compared 
to 4-phenylbutyric acid 81. In addition, ReactiR showed no change on heating a 
mixture of 4-phenylbutyric acid 81 and phenylboronic acid 95 (1: 1) in toluene, after 8 
h. 
Ar,
8
,o,
8
,Ar 
0,8,6 
I 
Ar 
II Ill 
OH OH 
I I 
Ar' 8 'o' 8 'Ar 
IV 
On the basis of this evidence, the proposed mechanism shown in Scheme 5 was 
formulated. By analogy with the thermal reaction, the rate determining step is likely to 
be the formation of monoacyloxyboronate 96 and diacyloxyboronate III. 
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Scheme 5. Proposed mechanism for amide formation catalysed by boric or boronic acids. 
In an attempt to isolate diacyloxyboronate 97, a mixture of benzoic acid 83 and 
catalyst 80a (2:1) were heated in toluene for 22 h. Subsequent addition of amine (2 
equiv) should lead to amide in either 50% or 100% yield, depending on the acylating 
ability of the monoacyloxyboronate 96. However, 11 B NMR suggested that the 
obtained white sticky solid (DB= 4.0) was most likely to be 'ate' complex I (R1, Ar = 
Ph), and addition of amine to the NMR sample led to regeneration ofthe boronic acid 
80a (DB= 28) and no amide formation, suggesting that I had already been hydrolysed. 
In fact, the sensitivity of I was observed when a sample on the end of a spatula was 
seen to transform from a sticky solid to a white powder, presumably due to 
hydrolysis. The 11 B NMR ofthis sample showed only one signal corresponding to the 
boronic acid 80a (DB= 28.1 ). 
0 
0 O)l_Ph 
Ph)l_OJ~ ~ 
N;Pr2 97 
)~~~~ 
~ 
N;Pr2 98 
Diacyloxyboronate 98 (formed from 80a and malonic acid) should allow isolation of 
the monoacyloxyboronate on addition of 1 equivalent of amine and thus a mixture of 
80a and malonic acid were heated in refluxing toluene for 18 h. However, attempted 
isolation of 98 was unsuccessful, resulting in a sample containing several 
unidentifiable species and starting material. 
2.2.5 Effect of solvents and dehydration 
A variety of solvents (fluorobenzene, toluene, propionitrile and water) were examined 
for the amide condensation between benzoic acid 83 and benzylamine 85 (Figure 4). 
The reactions were monitored over 48 h using the ReactArray system, and in the 
absence of a soxhlet containing molecular sieves. All were carried out with catalyst 
80a (0 or 10 mol%), except in the case of toluene, which was run with a reduced 
loading of80a (0 or 1 mol%) because of its higher boiling point. 
43 
Surprisingly, the use of a soxhlet containing 3A mol. sieves had a negligible effect on 
the fmal conversion to amide 93c. On this scale, there is some water removal from 
the reaction on cooling of the azeotrope in the condenser in which droplets of water 
are deposited and not returned to the reaction mixture. Although the hydrolysis of 
amides is not catalysed by 80a (as evidenced by the fact that product yields do not 
decrease once a reaction has reached equilibrium), the putative mixed anhydride 
intermediate (a mono- or diacyloxy-boronate 96 and III resepctively) would react 
readily with water, and therefore the reaction not reaching 100% conversion is highly 
likely to be limited by the efficiency of reaction dehydration. 
Another possible reason for the conversion levelling off at around 75% is due to the 
use of an internal standard (naphthalene) to calculate amounts from the HPLC traces, 
and subsequently generate conversion vs. time data. However, as the concentration of 
product increases, the corresponding HPLC peak will get broader and peak integration 
becomes less accurate. Sample concentrations are determined beforehand in a 
reference chromatogram to provide a compromise between detecting amide at both 
low and high concentrations. A simple way to avoid this issue in the future would be 
to carry out additional dilution steps on samples containing higher product 
concentrations before HPLC analysis. 
As expected, no conversion to amide was observed in water and the best solvents are 
non-polar toluene and fluorobenzene, as used in previous experiments. In toluene, 
80a (1 mol%) is sufficient for good reactivity, and the thermal reaction accounts for 
approximately 10 % conversion. Significantly more polar propionitrile proved 
detrimental to the reaction, affording only 20% conversion to 93c in 48 hours. 
80a (0, 1 or 10 mol%) 
solvent 
reflux 
44 
0 4 8 12 16 20 24 28 32 36 40 44 48 
Time (h) 
• PhF (0 mol%) 
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Figure 4. Solvent effects on the formation of N-benzylbenzamide 93c in the absence 
ofmolecular sieves (the loading of80a is shown in parentheses). 
2.2.6 Catalyst optimisation using Design of Experiments (DoE) 
2.2.6.1 N,N-Diisopropylbenzylamine-2-boronic acid 80a 
To gain an insight into the key reaction parameters that influence the direct amide 
condensation a DoE study was carried out on the formation of amide 93c catalysed by 
80a (Equation 30). 55 Four factors were examined (Table 1 0) and to simplify 
subsequent analysis ofthe results, separate designs were carried out for fluorobenzene 
and toluene. Temperature could not be included as a factor in these individual studies, 
because azeotropic reflux is necessary to enable the reaction to proceed efficiently 
(vide supra). A fractional factorial design of 8 experiments was selected56 and 4 
centre points were included to provide a measure of variation and indicate curvature. 
BOa (x mol%) 
solvent 
azeotropic reflux 
Equation 30 
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Table 10. Factors and ranges chosen for the factorial design. 
Factor 
80a I mol% 
Acid I equiv 
Cone I M 
Time I h 
Design-Expert® Software 
Yield 
.a. Error from replicates 
Shapiro-Wilk test 
W-v alue = 0. 729 
p-value = 0.024 
A: cat loading 
B: acid stoichiom 
C: cone 
0: time 
c F [If I 
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Figure 5. Half normal plot visualising the most important factors determining yield in 
the direct amide condensation in fluorobenzene. 
Once the experiments are completed, a half normal plot is generated using Design-
Expert software (Stat-Ease Inc.) and this shows the most significant factors affecting 
the outputs that are being monitored. In this case, there is only one output (amide 
yield) and the further a factor lies to the right of the trendline, the larger its effect on 
the output. Hence, the half normal plot from the DoE in fluorobenzene (Figure 5) 
shows the most important effects are catalyst loading followed by time and then their 
interaction, whilst acid stoichiometry and concentration have no significant effect. An 
interaction graph can now be generated for catalyst loading and time (Figure 6) and 
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this shows that at the high value of time (20 h), increasing the catalyst loading to 10 
mol% results in a larger increase in amide yield versus increasing the catalyst loading 
when the reaction time is only 4 h. In a case where there is no interaction between the 
factors, the lines plotted at high and low values of time would be parallel with 
increasing catalyst loading. The centre points, shown as green circles in the 
interaction graph, show no significant deviation from the linear relationship plotted 
since they fall between the trendlines plotted at high and low values of time, i.e. there 
is no significant curvature, and the linear relationship plotted is a good representative 
model. Thus, the DoE suggests in order to increase yield of amide 93c, catalyst 
loading and time should be increased. Although increasing reaction time IS a 
possibility, increasing the loading of 80a beyond 10 mol% would be undesirable. 
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Figure 6. Interaction graph for the direct amide condensation in fluorobenzene. 
The same design run in toluene shows catalyst loading is again the most important 
effect, followed by time; acid stoichiometry still has no significant effect (Figure 7). 
However, concentration and catalyst loading are now involved in an interaction, with 
the model suggesting that in order to increase yields of amide 13, both low 
concentration and higher catalyst loading are required (Figure 8). The interaction 
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graph shows significant curvature indicating that the design space is over an optimum. 
Since catalyst loading is the most important effect, this appears to indicate that similar 
yields of amide 93c could be obtained if the loading of 80a is decreased below 10 
mol%. In fact, the centre points indicate that a catalyst loading of 5.5 mol% gives a 
similar effect, whilst the concentration effect suggests that reaction rate is limited by 
azeotropic removal of water, and therefore, low concentration is beneficial (vide 
supra). 
Design-Expert® Software 
Yield 
11. Error from replicates 
Shapiro-Wilk test 
W-value = 0.998 
p-value = 0.915 
A: cat loading 
B: ac id stoichiom 
C: cone 
0 : time 
C f E 
• Negative Ef feels 
99 
95 
90 
80 
70 
50 
30 
20 
10 
0 
[] 
0 .00 10.38 20.75 31 .13 41 .50 
!Standardized Effect! 
Figure 7. Most important factors determining yield in the direct amide condensation 
in toluene. 
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Figure 8. Interaction graph for the direct amide condensation in toluene. 
In order to model the curvature, a Central Composite Design (CCD) could be 
employed to augment the existing design. Although the DoE study was carried out on 
the formation of amide 93c, the information obtained can clearly be used as a basis to 
start to improve the isolated yields of more problematic substrates (vide infra) . 
2.2.6.2 Boric acid 
The same design was also run employing boric acid catalysis in toluene, in order to 
make a comparison with catalyst 80a (Equation 31 ). Boric acid catalysed direct amide 
formation shows time to be the most important factor followed by catalyst loading, 
with catalyst loading involved in interactions with both concentration and time 
(Figure 9). 
B(OHh (x mol%) 
toluene 
azeotropic reflux 
Equation 31 
Acid stoichiometry has no significant effect as with 80a, and the model suggests low 
concentration, high catalyst loading and reaction times will increase amide yield 
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(Figure 10 and Figure 11 ). The interaction graphs show significant curvature 
indicating that the design space is over an optimum. Again, this indicates that similar 
yields of amide could be obtained with reduced amounts of catalyst. However, higher 
conversions to amide 93c were observed when 80a is used as a catalyst compared to 
boric acid. 
Design-Expert® Software 
Y ield 
.a. Error from replicates 
A: cat loading 
B: acid stoichiom 
C: cone 
0 : time 
c I f 
• Negaliv e Ef feels 
99 
95 
90 
80 
70 
50 
I 30 20 10 0 
0.00 
Half-Normal Plot 
[J 
Ll A 
CJ AC 
D AD 
CJ C 
5.88 11 .75 17 .63 23 .50 
!Standardized Effect ! 
Figure 9. Most important factors determining yield in the boric acid catalysed direct 
amide condensation in toluene. 
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Figure 10. Catalyst loading/concentration interaction graph for the boric acid 
catalysed direct amide condensation in toluene. 
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Figure 11. Catalyst loading/time interaction graph for the boric acid catalysed direct 
amide condensation in toluene. 
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2.2. 7 Application of N,N-diisopropylbenzylamine-2-boronic acid 80a for amide 
formation 
With the DoE optimised reaction conditions in hand, the scope of the direct amide 
condensation catalysed by 80a was evaluated. Initially, the reactions were run in 
fluorobenzene with 80a (10 mol%), and then in toluene if necessary where the 
reactions were slow with reaction times of up to 48 h (Equation 32). In the reactions 
run in toluene, the catalyst loading was adjusted accordingly to provide a reasonable 
reaction rate and the thermal reactions were assessed in all cases (Table 11 ). 
BOa (x mol%) 
fluorobenzene or loluene 
azeolropic reflux 
Equation 32 
Table 11. Isolated yields for the direct amide condensation catalysed by 80a. 
Entry Solvent 80a (mol Product Yield(%) 
% 
PhF 0 24 0 16c 
10 Ph~N/'o.Ph 68c H 
2 PhF 0 24 0 2c 
10 Ph~N~Ph 70c H 
3 Toluene 0 22 0 oa,c 
1 Ph~NHPh 46a,c 
4 PhF 0 24 0 4c 
10 Ph~Nl 67c ~0 
5 PhF 0 22 Ph~N.J_Ph 1 ob,c 10 53c H 
6 PhF 0 24 0 1c 
10 Ph)lN/'o.Ph soc 
H 
7 PhF 0 48 0 oc 
10 Ph)lN~Ph 55b,c H 
Toluene 5 24 71 d 
10 75d 
8 PhF 0 24 0 oc 
10 Ph)lNl 11 c ~0 
Toluene 0 24 od 
5 24 l6d 
10 30 21 d 
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9 PhF 0 48 PhJN',LPh o· 10 52b,d 
H 
Toluene 0 24 od 
5 49d 
10 71d 
10 PhF 0 24 0 oc 
10 r~~Ph 15c 
Toluene 0 30 7d 
5 42d 
10 59d 
"Under argon. 6Determined by HPLC. cconditions: acid (5 mmol), amine (5 mmol), 0.1 M. 
dConditions: acid (I mmol), amine (I mmol), 0.1 M. 
The results shown in Table 11 show that none of the reactions proceeded to 100% 
conversion after 48 hours, providing further support for the efficiency of water 
removal being limiting. Fluorobenzene is suitable for the more reactive amide 
formation reactions, (entries 1, 2, 4, 5, 6, 7 and 9) using 10 mol% of catalyst 80a. At 
this temperature (85 °C), there is a clear advantage to using the catalyst compared to 
the corresponding thermal conditions. For less reactive substrates, the use of toluene 
and 5 or 10 mol% catalyst loading was necessary in order to provide an improvement 
in the isolated yields of each of the amides (entries 8-10). Although increasing the 
reaction temperature increases reaction rates, the associated thermal reactions also 
become more significant in certain cases, e.g. reaction of 4-phenylbutyric acid and 
benzylamine (entry 1) shows a significant thermal contribution even in fluorobenzene. 
Interestingly, aniline reacts relatively well in toluene in the presence of only 1 mol% 
of catalyst 80a, however, the reaction must be carried out under an inert atmosphere 
to prevent amine oxidation (entry 3). The case of benzoic acid and 4-
phenylbutylamine (entry 7) demonstrates the non-linear relationship between catalyst 
loading and yield, as observed in the DoE, with no significant difference between a 5 
and 10 mol% loading of catalyst 80a. In the case of morpho line benzoylamide (entry 
8), the isolated yield could not be increased to a reasonable level by changing either 
catalyst loading or reaction temperature. 
2.2.8 Application to other substrates 
Further screening focussed on the condensation of a variety of substrates, with 
reactions carried out in fluorobenzene. For more difficult substrates, the reactions 
were carried out at higher temperature, i.e. in refluxing toluene, but with lower 
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catalyst loading (1 mol %). Substrates, reaction conditions and isolated yields are 
shown in Table 12. 
Attempts to form diketopiperazines were unsuccessful under thermal and catalysed 
conditions (entries 2 and 3), and the catalytic contribution to the formation of (S)-N-
benzylmandelamide was disappointing (entry 1 ). In addition, 6-aminohexanoic acid 
failed to condense to caprolactam under these reaction conditions (entry 4). No amide 
was detected under thermal or catalysed conditions with methyl benzoate and 
benzylamine (entry 5), presumably because formation of an active acyloxyboron 
species cannot occur (vide supra). Esterification of 4-phenylbutyric acid with 1-
butanol (bp 117.6 oq proceeds well under neat conditions, in the presence of excess 
alcohol and 80a (1 mol%), to afford 72% of the desired ester in 22 h (entry 6). 
However, the thermal contribution to the reaction is significant (50%). In contrast, 
reaction in fluorobenzene led to no ester formation in the thermal reaction, and only 
5% in the presence of 80a (1 mol%). The lower nucleophilicity of alcohols versus 
amines appears to make esterification considerably more difficult. 
'fable 12. Isolated yields for extending the use of catalyst 80a to other substrates. 
Entry Substrate 1 Substrate 2 Solvent 80a Time (h) Yield 
(mol%) (%) 
1 0 H2N./'-...Ph PhF 0 22 0 
Ph0 10 0 OH 
OH Toluene 0 7.5 
1 11 
2 0 PhF 0 24 0 
Ph0 10 0 OH 
NH2 Toluene 0 22 0 
1 0 
3 0 PhF 0 24 0 
PhyOH 10 0 
NH2 
4 0 Toluene 0 22 0 H2N~ 1 0 OH 
5 0 H2N./'-...Ph Toluene 0 22 0 
PhAOMe 1 0 
6 0 HO~ PhF 0 22 ob Ph~ 10 5b OH 
None 0 soc 
1 nc 
7 0 H2N,O~Ph Toluene 0 22 0 Ph~ OH 1 0 
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8 ° H2N/"'-...Ph PhF 0 24 0 
MeO)lOMe 1 Or 2 equiV 1 0 0d 
9 ° H2N/"'-...Ph None 0 21 25e 
MeO)lOMe 1 or 2 equiv 10 25e 
10 ~"9 H2N/"'-...Ph Toluene 0 22 0 
~S'OH 1 0 
"Under argon. 6Azeotropic removal of water by soxhlet (CaH2). cln the presence of 1-butanol (2.5 mL). 
dAzeotropic removal of water by soxhlet (4A mol. sieves). eN-Benzylmethylcarbamate was produced 
irrespective of benzylamine stoichiometry. 
In addition, the synthesis of urethanes and ureas was attempted from dimethyl 
carbonate and either 1 or 2 equivalents of benzylamine. Initially, the reaction was 
carried out in refluxing fluorobenzene over 24 h. However, no urea or urethane was 
detected with 1 or 2 equivalents ofbenzylamine, either thermally or in the presence of 
80a (entry 8). The reaction was then attempted under neat conditions, again with and 
without 80a, and with benzylamine (1 or 2 equivalents). N-Benzylmethylcarbamate 
99 was produced in 25% yield over 21 h in all four cases (entry 9). As expected, 
formation of the urea is more difficult as the reactivity of 99 is reduced versus 
dimethyl carbonate and there is no catalyst contribution to formation of 99, agam 
because formation of an acyloxyboronate is not possible (vide supra). 
99 
Attempted formation of a sulfonamide from p-toluenesulfonic acid and benzylamine 
(reflux toluene, 22 h), under both thermal conditions and in the presence of 80a ( 1 
mol%), led to no product formation in either case (entry 10). 
In summary, catalyst 80a is effective for a wide scope of intermolecular direct amide 
condensations between various carboxylic acid and amine combinations. However, 
amino acids have proven to be unreactive under these conditions, presumably due to a 
lack of solubility. The immediately formed carboxylate-ammonium salts are usually 
soluble in fluorobenzene or toluene at elevated temperature, precipitating on cooling 
to room temperature. This is not observed in the case of amino acids and the reaction 
mixture never becomes homogeneous. Condensations involving esters as a coupling 
partner, ester formation itself, as well as sulfonamide formation are more difficult. 
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This can be rationalised by either the inability to form an activated acyloxyboron 
species, or the slow attack on this activated intermediate by the relevant nucleophile 
(i.e. alcohol). 
2.2.9 Effect of additives - water and trichloroacetic acid 
The effect of water and trichloroacetic acid (TCA) on the formation of N-
benzylbenzamide 93c was investigated and the conversion versus time data is plotted 
in Figure 12. 
85 
80a (0 or 5.5 mol%) 
additive (0 or 11 mol%) 
fluorobenzene 
azeotropic reflux 
Equation 33 
The addition of water (1.6 mL in 9 mL PhF) proved detrimental to the reaction, 
providing further evidence for an activated acyloxyboron species (Figure 12, entry 1 
vs. 3), suggesting that the efficiency of water removal affects the fmal equilibrium and 
hence the final observed conversion to amide. This is also supported by the final 
equilibrium conversions seen under the same reaction conditions in toluene vs. 
fluorobenzene (90% vs. 65%), with the higher temperature providing more efficient 
water removal. 
The addition of trichloroacetic acid (TCA) was examined in an attempt to make 
carboxylic acid activation by the formation of either mixed or symmetrical anhydrides 
more facile. Since trimethylacetic acid is relatively unreactive towards amide 
formation, TCA would be expected to behave similarly, but because of the electron-
withdrawing trichloromethyl moiety, its ability as a good leaving group should be 
enhanced. TCA was added in a 2:1 ratio to catalyst 80a (i.e. 11 mol%) in 
fluorobenzene and provides a slight increase in the rate of amide formation (entry 4 
vs. 3). TCA alone has no effect (entry 2). In toluene, TCA does not have a significant 
effect both under thermal conditions (entries 5 and 6) and in the presence of catalyst 
80a (entries 7 and 8). 
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Table 13. Key for Figure 12. 
Entry Solvent 
1 PhF +water 
2 PhF 
3 PhF 
4 PhF 
5 Tol 
6 Tol 
7 Tol 
8 Tol 
0 5 10 
80a (mol%) 
5.5 
0 
5.5 
5.5 
0 
0 
5.5 
5.5 
15 20 
Time (h) 
TCA (mol%) 
0 
11 
0 
11 
0 
11 
0 
11 
25 30 35 40 
• Entry 1 
- Entry 2 
Entry 3 
X Entry 4 
::t: Entry 5 
Entry 6 
+ Entry 7 
Entry 8 
Figure 12. Effect ofwater, catalyst 80a and trichloroacetic acid on the direct amide 
formation of N-benzylbenzamide. 
2.3 Towards second generation catalysts 
Novel derivatives based on system 80a were synthesised, in which the hindered N,N-
diisopropylbenzylamine function was retained. This was due to the clear benefit over 
the less hindered N,N-dimethyl system SOb as demonstrated previously. 52 In addition, 
the new systems 100 were chosen with the aim of testing the effect of changing the 
Lewis acidity of the boronic acid function by suitable choice of the functional group 
X. 
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SO a 100 
2.3.1 Fluoro- and methoxy-substituted derivatives 
The synthesis of new catalysts based on system 100, started with the fluoro- and 
methoxybenzylamineboronic acids 104a and b respectively (Scheme 6). Hence, N,N-
diisapropyl-3-fluorobenzylamine-2-boronic acid 104a was prepared starting with 3-
fluorobenzoyl chloride lOla resulting in the formation of amide 102a upon reaction 
with diisapropylamine, which was then subjected to directed metallation. Following 
several attempts to achieve directed artha-metallation of 102a, direct isolation of the 
corresponding boronic acid proved unsuccessful, and it was decided to access the 
pinacol ester 103a in order to simplify isolation and purification. Hence, reaction of 
amide 102a with sec-butyllithium followed by addition of trimethylborate, followed 
by hydrolysis and esterification with pinacol derived the boronate ester 103a. 
6COCI 
101 
a; X= F 
b;X= OMe 
c; X= N02 
104 
a; X= F 72% 
b; X=OMe 50% 
c; X= N02 
NaBH4, TMSCI 
THF, reflux 
X 
~CON1P1, 
102 
a; X= F 90% 
b; X=OMe 98% 
c; X= N02 87% 
103 
(i) s-Buli. TMEDA. THF. -78 °C 
(ii) B(OR)J, -78 °C- rt 
(iii)HCI (aq) 
(iv) pinacol 
a; X= F 66% 
b; X= OMe 76% 
c; X= N02 
Scheme 6. Synthesis offluoro- and methoxy-substituted amino boronic acids 104. 
The reduction method chosen to convert the pinacol ester 103a was selected in order 
to achieve both amide reduction and deprotection of the boronate ester in one step. 51 
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Although the reduction proceeded well usmg sodium borohydride-trimethylsilyl 
chloride, isolation ofthe amino-boronic acid 104a proved troublesome due to its high 
water solubility. However, use of an acidification-neutralisation sequence during the 
work up allowed direct extraction of the amino-boronic acid 104a, which could then 
be efficiently precipitated to give pure product in 72% yield. 
The same strategy was employed in order to synthesise N,N-diisapropyl-3-
methoxybenzylamine-2-boronic acid 104b. As before, the amidation of acid chloride 
101b efficiently provided diisapropylamide 102b (Scheme 6). However, the directed 
metallation of 102b proved problematic at first, and resulted in low conversion to the 
pinacol ester 103b, i.e. sec-butyllithium-TMEDA, -78 °C. This was solved by 
allowing much longer reaction times for the intermediate aryllithium to react with the 
borate electrophiles (ca. 12 hours), resulting in the isolation ofpinacol ester 103b in 
good yield. It is worth noting that metallation-borylation of amide 102b fails to 
proceed at all with n-butyllithium, whereas the alkyllithium source has no significant 
effect upon the metallation of 102a. In addition, attempted metallation of methoxy-
substituted system 102b with lithium diisapropylamide, followed by triisapropyl 
borate resulted in the formation of ester 103b, but in only 11% yield. 
Having obtained boronate ester 103b, reduction was attempted as for 103a, resulting 
in only low yields of amino-boronic acid 104b (10%). The methoxy system 104b 
appears to have increased water solubility compared to 104a, and therefore, suitable 
changes to the workup procedure (THF evaporation and minimisation of aqueous 
solution and solvent volumes) resulted in a reasonably efficient isolation of 104b, 
which after subsequent recrystallisation was isolated in a reasonable 50% yield. 
In order to compare catalysts of type 100, systems with different electronic properties 
were required. Several attempts were made to access the system 104c, via formation 
of the corresponding amide 102c (Scheme 6). However, all attempts (s-BuLi-
TMEDA, n-BuLi-TMEDA, n-BuLi alone and LDA were tried in THF at -78 oc; t-
BuLi was also tried in THF at 0 °C) to achieve deprotonation of 1 02c to access 
boronate 103c led to the formation of intractable complex products, which is 
consistent with other unsuccessful attempts to achieve lithiation of nitroaryl 
systems. 57 
59 
2.3.2 Trifluoromethyl-substituted derivative 
As an alternative to the nitro-substituted system, the fmal catalyst prepared was the 
trifluoromethyl-substituted system 108, which proved reasonably straightforward to 
access (Scheme 7). Thus, amidation of acid chloride 105 provided amide 106 in 98% 
yield. Directed ortho-metallation under the same conditions as used for systems 103 
(n- or s-BuLi-TMEDA) led to a mixture of ortho- and para-CF3 boronates, with low 
total conversion (ca. 10%). A number of attempts at improvement (increasing 
reaction temperature, metallation time, etc.) failed to improve matters and alternative 
metallating agents were examined. A mixture of potassium tert-butoxide and n-BuLi58 
gave no reaction, however, use of lithium diisopropylamide led to metallation at the 
less hindered para-CF3 position to afford boronate 107 selectively and in high yield 
(95%). Initial attempts at reduction ofthe amide 106 using borane-dimethyl sulfide in 
THF at reflux failed to give an observable reaction, however, using the TMSCl-
borohydride conditions resulted in formation ofboronic acid 107 after work up, albeit 
via a slow reaction which resulted in only 40% conversion in 40 hours. The solution 
to this problem was to decrease the reaction concentration used for the reduction 
conditions, which resulted in complete conversion in 24 hours (Scheme 6), and after 
modification of the workup conditions used for amino-boronic acid 104b, the 
trifluoromethyl-boronic acid 108 was obtained in 60% yield after recrystallisation. 
& & tPr2NH, Et20 0 °C- rt CON;Pr2 /./ COCI 
105 98% 106 
(i) LOA, THF, -78 °C 
(ii) B(01Pr)J. -78 °C - rt 
(iii)HCI (aq) 
(iv) pinacol 
95% 
CF3 ~ ~NP<, NaBH4, TMSCI THF. reflux CON;Pr2 
B(OHb B o/ 'o 60% H 108 107 
Scheme 7. Synthesis oftrifluoromethyl-substituted boronic acid 108. 
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2.3.3 Comparison of crystal structures 
Crystals of both 104a and 108 suitable for single crystal X-ray analysis were readily 
prepared, however, attempts to derive good quality crystals of the methoxy derivative 
104b were unsuccessful. However, fluoro and trifluoro derivatives 104a and 108 
respectively are essentially isostructural with one another and also with the analogue 
80a. 51 Molecular conformations are also similar (Figure 13). The C(l)BO(l)0(2) 
moiety is planar and inclined to the benzene ring plane by 25.8° (104a) or 21.8° (108). 
Larger twist in 104a obviously is caused by steric repulsion between the F and 0(2) 
atoms. One hydroxyl group, 0(1 )H, forms an intramolecular hydrogen bond with the 
amino N atom which is slightly pyramidalised, with the mean C-N-C angle of 113°. 
Molecules are linked into centrosymmetric dimers by pairs of hydrogen bonds 0(2)-
H ... 0(1)[1-x, 1-y, 1-z]. There are only marginal differences in bond distances 
between 80a, 104a and 108 (Table 14). It is interesting to note that the trifluoromethyl 
system 108 exhibits a shorter C-B bond length compared with the fluoro system 104a, 
however, it is little different to the non-substituted system 80a. This probably suggests 
that there is not a major difference in Lewis acidity between systems 80a and 108, 
though 104a might be slightly less Lewis acidic. Unfortunately, these solid state 
structures cannot be compared with the methoxy derivative 104b, and 11 B NMR also 
does not seem to suggest significant differences in the properties of the boronic acid 
function which show resonances at 8 28.8,51 28.4, 29.3 and 28.5 for 80a, 104a, 104b 
and 108 respectively. 
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Figure 13. X-ray molecular structures of104a (top) and 108. Thermal ellipsoids are 
drawn at 50 % probability level. 
Table 14. Selected bond distances (A) . 
C(2)-B 
B-0(1) 
B(1)-0(2) 
O(l) ... N 
C(1)-C(2) 
C(1)-C(7) 
C(7)-N 
80a 
1.588(2) 
1.356(2) 
1.366(2) 
2.637(1) 
1.412(2) 
1.522(2) 
1.480(1) 
2.3.4 Catalyst evaluation 
104a 
1.5965(14) 
1.3547(13) 
1.3581(13) 
2.607(1) 
1.4204(12) 
1.5171(13) 
1.4837(12) 
108 
1.5876(17) 
1.3575(15) 
1.3609(16) 
2.623(1) 
1.4169(16) 
1.5187(16) 
1.4795(15) 
Having previously shown52 that the boronic acid 80a, and related systems, promote 
amidation reactions, which are highly substrate dependent and that the use of more 
difficult substrates under lower temperature conditions (refluxing fluorobenzene) 
exposes differences in catalyst activity, the new catalysts were evaluated and 
compared using the reaction between benzoic acid and benzylamine (Equation 34). 
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The direct (uncatalysed) thermal formation of amide 93c under these conditions is 
non-existent and the results of this comparison are shown in Figure 14. 
0 10 20 
catalyst (10 mol%) 
ftuorobenzene 
azeotropic reflux 
Equation 34 
30 40 
Time (h) 
50 
--thermal 
--104a 
104b 
--BOa 
--10B 
BOa (no dehyd) 
Figure 14. Yield vs. time data for the formation of N-benzylbenzamide 93c. 
The addition of a para-trifluoromethyl group (catalyst 108) is beneficial to rate of 
formation of N-benzylbenzarnide 93c compared to the unsubstituted system 80a, 
whereas the addition of the ortho-fluorine function, i.e. catalyst 104a decreases 
reaction rate to a small extent. While the differences between catalysts 80a, 104a and 
108 are not substantial, increasing the electron density of the phenyl ring by 
incorporating a methoxy group (electron donation by conjugation of the oxygen lone 
pair), i.e. catalyst 104b, leads to a significant decrease in reaction rate. This results in 
only 28% conversion to amide 93c in 28 hours using 104b compared to ca. 63% 
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conversion for catalysts 80a, 108 and 104a, which have all reached their equilibrium 
conversions at around this time period. The efficiency of water removal determines 
the equilibrium position, therefore affecting both final conversion and reaction rate, as 
demonstrated by the reaction catalysed by 80a without dehydration, along with the 
results obtained from the DoE study (vide supra). 
2.4 Activity of other catalysts 
A comparison of the activity of several other amino-boronic acid catalysts on the 
formation of amides 93b and d was also carried out (Scheme 8). 
+ 
81 ; R1 = Ph(CH2lJ 86; R2 = Ph(CH2)4 
83; R1 =Ph 
BOa; R = iPr, X = H 
104a; R = iPr, X= F 
109 
10 mol% catalyst 
ftuorobenzene 
azeotropic reftux 
~2N~ 
~ 
110 
0 
II R2 
R1,.J-I......N,. 
I 
H 93 
b ; R1= Ph(CH2h R2 = Ph(CH2)4 
d; R1= Ph, R2 = Ph(CH2)4 
111 
Scheme 8. Other amino-boronic acids for the direct amide condensation 
Fluoro-substituted catalyst 104a shows essentially equivalent activity to 80a for the 
formation of amide 93b (Figure 15), but 80a is the most active catalyst for the more 
difficult formation of benzamide 93d (Figure 16). This suggests the slight electron 
deficiency of 104a is beneficial for the reaction involving 4-phenylbutyric acid 81, 
but not with more hindered benzoic acid 83. This is also supported by 
trifluorophenylboronic acid 5 being the most active for reactions involving more 
electron rich 4-phenylbutyric acid 81 (vide supra). 
In comparison, catalysts 109, 110 and 11159 are less active when 4-phenylbutyric acid 
81 is used as a substrate. However, the differences become more substantial with 
benzoic acid 83 as the substrate (Figure 16), suggesting the diisopropylbenzylamine 
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moiety is crucial for good activity in this case and assists in formation of a reactive 
intermediate, possibly by a general acid-catalysed pathway. 
0 5 10 15 
Time (h) 
20 
• 104a 
• 109 
110 
X 111 
;( 80a 
Thermal 
Figure 15. Formation of N-4-phenylbutyl-4-phenylbutyramide 93b over time. 
0 10 20 30 
Time (h) 
40 
• 104a 
• 109 
110 
;( 80a 
Thermal 
Figure 16. Formation of N-4-phenylbutylbenzamide 93d over time. 
65 
2.5 Kinetic resolution via direct amide formation from a racemic amine and 
achiral carboxylic acid 
The kinetic resolution of racemic ammes via direct amide formation is a highly 
desirable process. However, since direct amide formation is generally a high 
temperature process and asymmetric induction processes are usually more efficient 
the lower the temperature, the current reaction conditions that employ refluxing 
fluorobenzene (85 oq do not make this goal look promising. 
The development of planar chiral ferrocene-based bifunctional amino-boronic acids 
within the group allowed this idea to be explored. 59-6° Ferrocene catalysts containing 
both a benzimidazole moiety 111 and the familiar diisapropylamine function, 114, 
were screened initially on the reaction between benzoic acid 83 and (±)-a-
methylbenzylamine 112a to form amide 113b (Scheme 9). In addition, 
diisapropylbenzylamine-2-boronic acid 80a and phenylbenzimidazole boronic 
acid59•61 115 were screened for comparison (Figure 17). All the catalysed reactions 
were carried out in refluxing fluorobenzene with a 10 mol% catalyst loading and the 
thermal contributions were also assessed. 
0 + ~ 
R,Jl_OH H2N R2 
112 
81; R1 = Ph(CH2b a; R1 =Ph 
83; R1 =Ph b; R1 = Np 
80a 111 
10 mol% catalyst 
fluorobenzene 
azeotropic reflux 
114 
R 1JlN~R2 
H 
(S)-113 
a; R1 = Ph(CH2b. R2 =Ph 
b; R1 = Ph, R2 = Ph 
c; R1 = Ph(CH2lJ, R2 = Np 
Scheme 9. Kinetic resolution via amide formation. 
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0 4 8 12 16 20 24 28 32 36 40 44 48 
Time (h) 
• Thermal 
• BOa 
... 114 
X 111 
Figure 17. Formation of N-(1-phenylethyl)benzamide 113b. 
Amino-boronic acid 80a is the supenor catalyst for formation of 113b and this 
appears to be a consistent observation with amide condensations employing benzoic 
acid 83 (Table 15, entry 2) (vide supra). Ferrocene catalyst 114 shows 38% 
conversion in 48 h, which is approximately 10% less than phenyl derivative 80a, but 
unfortunately, no evidence ofkinetic resolution was observed (entry 3). The thermal 
contribution to the reaction, which must be racemic, is zero for this acid/amine 
combination and the reaction was repeated with R-(+)-a-methylbenzylamine. 
Subsequent chiral HPLC analysis of the product amide (R)-113b, confirmed that no 
racemisation had occurred. Employing a larger substituent ortho to the boronic acid, 
as in the case of benzimidazole-based ferrocene catalyst 111 , results in lower activity 
compared to the other catalysts screened, but kinetic resolution was observed and the 
product amide (S)-113b was formed with 21% conversion and 41% e.e. (entry 4). 
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Table 15. Conversion and e.e.s for amino-boronic acid catalysed kinetic resolution. 
Entry Catalyst Conversiona (%) e.e. 6 (%) Product 
113 
1 Thermal 0 (48 h) b 
2 80a 52 (48 h) b 
3 114 38 (48 h) 0 b 
4 111 21 (48 h) 41 b 
5 115 0 (48 h) b 
6 Thermal 11(48h) a 
7 111 34 (12 h) 29 a 
73 (48 h) 19 
8 Thermal 13 (48 h) c 
9 111 - c(l2 h) 20 c 
85d (48 h) 9 
•Determined by HPLC. 6Determined by chiral HPLC. cNot determined. dlsolated 
yield. 
Since N,N-diisapropylbenzylamine-2-boronic acid 80a is more active than the 
ferrocene analogue 114, phenylbenzimidazole boronic acid 115 was also screened to 
see if the same would hold true in the benzimidazole series. However, 
phenylbenzimidazole 115 failed to show any activity, giving 0% conversion to amide 
113b (entry 5). This could be due in part to B-N chelation, since the 
diisapropylamine-based catalysts 80a and 114, along with ferrocene-benzimidazole 
111 show no B-N chelation. On the other hand, phenylbenzimidazole 115 is a mixture 
ofB-N chelate, free boronic acid and boroxine in solution, as evidenced by 11 B NMR, 
with the boroxine showing partial B-N interactions in the solid state, as shown by 
single crystal X-ray analysis where two of the three boron atoms are four-
coordinate.61 In addition, the benzimidazole moiety is closer to the boronic acid in the 
phenyl system 115 versus 111, suggesting the benzimidazole is acting as more than 
just a steric block, and that the distance between the boron and nitrogen functions is 
crucial for efficient proton transfer and, therefore, catalysis. 
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0 4 8 12 16 20 24 28 32 36 40 44 48 
Time (h) 
• Conversion 
• e.e. 
& Thermal 
Figure 18. Formation and e. e. of (S)-N-(1-phenylethyl)-4-phenylbutyramide 113a in 
the presence of catalyst 111. 
In an attempt to increase amide conversion levels , ferrocene-benzimidazole 111 was 
screened on the formation of amide (S)-111a, employing more reactive 4-
phenylbutyric acid 81 as a substrate (Scheme 9 and Figure 18). The racemic thermal 
reaction in this case accounts for 11% conversion in 48 h, whereas the catalysed 
reaction has reached its fmal equilibrium conversion of73% in 44 h (entries 6 and 7, 
Table 15). The e. e. of (S)-113a decreases from 29% to 19% over 48 h and this is due 
to the reaction being run in the presence of 1 equivalent of racemic amine (and hence 
the maximum yield of resolved amide is 50%). 
The amine was subsequently changed for (±)-1-(1-naphthyl)ethylamine 112b with the 
hope that the larger napthyl substituent would increase the efficiency of kinetic 
resolution versus (±)-a-methylbenzylamine 112a. Unfortunately, formation of (S)-
113c led to disappointing results, with 20% e.e. after 12 h and only 9% e.e. (85% 
conversion) after 48 h (entry 9, Table 15). 
In a further attempt to try and improve the levels of asymmetric induction, other 
azeotroping solvents with lower boiling points were tested. Cyclohexane (bp 81 oq 
and diisopropyl ether (bp 68 oq were selected and the thermal reactions were 
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screened. In cyclohexane, formation of amide 113a in the absence of catalyst led to 
4% conversion in 44 h, whereas in diisopropyl ether, the thermal reaction is non-
existent. The results ofthe solvent screen in the presence of catalyst 111 are shown in 
Table 16 and interestingly, the use of lower boiling solvents failed to improve matter 
with the e.e.s suggesting there are other significant solvent effects involved. 
Cyclohexane provided (S)-113a in 20% e.e. after 12 h compared with 29% e.e. in 
fluorobenzene (entries 1 and 2). Diisopropylether afforded (S)-113a in only 16% e.e. 
after 48 h, with only 21% conversion (entry 3) and since the thermal reaction does not 
proceed at this temperature, product formation must proceed via the catalysed 
pathway. As expected, lowering the reaction temperature also led to a significant 
decrease in reaction rate. 
Table 16. Solvent screen for formation of (S)-N-(1-phenylethyl)-4-phenylbutyramide 
113a in the presence of catalyst 111. 
Entry Solvent Conversion a (%) e.e. 6 (%) 
1 Fluorobenzene 34 (12h) 29 
73 (48h) 19 
2 Cyclohexane 23 (12h) 20 
50 (48h) 12 
3 Diisopropyl- 21c (48h) 16 
ether 
8 Determined by HPLC. 6Determined by chiral HPLC. clsolated yield. 
2.6 Summary and conclusions 
N,N-Diisopropylbenzylamine-2-boronic acid 80a has been shown to be effective 
under refluxing fluorobenzene conditions for direct amide formation between 
equimolar amounts of carboxylic acids and amines. Under these lower temperature 
conditions (compared with toluene), the catalyst 80a is stable, thermal contributions 
are minimised, and proto-deboronation does not compete. A comparison of the rates 
of amide formation between various boron-based catalysts clearly showed the 
enhanced activity of catalyst 80a for the more difficult substrates under the developed 
reaction conditions and the cooperative effect of the amine and boronic acid moiety 
was subsequently demonstrated for direct amide formation reactions involving 
benzoic acid. 
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The synthesis of novel substituted analogues of the bifunctional catalyst 80a has 
allowed the subtleties of direct amide formation involving arylboronic acid-mediated 
catalysis to be further investigated. The addition of electron withdrawing functions to 
the aryl ring of 80a, for example trifluoromethyl derivative 108, does lead to 
increased catalytic activity for amide formation, reinforcing the view that such 
catalysts act by forming a mixed anhydride-type analogue, 52 with the electron 
withdrawing group increasing the leaving group ability during the amide formation 
step. However, there is not a substantial difference in overall activity between 80a and 
108, and hence, in terms of practical applications either catalyst is suitable, whereas 
less hindered amine systems52 (e.g. SOb) or more electron rich aryl systems (e.g. 
104b) are less efficient. DoE studies on the use of catalyst 80a show a non-linear 
relationship between catalyst loading and amide conversion, with a 5 mol% loading 
producing a similar effect to 10 mol% in toluene. Interestingly, variation of carboxylic 
acid stoichiometry had no significant effect on amide conversion. In addition, the 
water-removing capacity of the solvent has been shown to be an important 
consideration during routine use of these types of catalysts, and therefore, higher 
dilutions are preferred in order to minimise reaction times. These optimised 
conditions have been demonstrated to be applicable to a wide range of substrates. 
The development of chiral ferrocene-benzimidazole catalyst 111 within the group has 
allowed the kinetic resolution of racemic amines and achiral carboxylic acids to be 
investigated. Initial results in refluxing fluorobenzene have provided encouraging 
results, with amides produced in up to 41% e.e. The inactivity of the phenyl-
benzimidazole system 115 suggests the importance of the distance between the 
boronic acid and amine functions. 
2. 7 Future work 
Despite the progress that has been made with respect to direct amide bond formation, 
the need to produce generally more active catalysts is still an unsolved problem. 
Specifically, this includes the development of catalysts that are active at lower 
temperatures, applicable to a wide range of substrates as well as related reactions (e.g. 
ester formation), and show generally higher levels of activity as catalysts. To address 
these issues, further variation of catalyst structure could be investigated to include 
variation of the amine function beyond diisapropyl- and dimethylbenzylamine, as 
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well as varying the substitution pattern to examine meta- and para-substituted amino-
boronic acids. 
There is also a requirement to develop a library of chiral catalysts for screening, 
particularly for the kinetic resolution of amines. The synthesis of catalysts bearing a 
chiral amine function via reductive amination of commercially available 2-
formylphenylboronic acid, would quickly allow the potential of this strategy to be 
investigated. Chiral substituents could also be added to the phenyl ring. The 
identification of factors that are beneficial to catalyst activity could provide lower 
temperature reaction conditions, which could then be applied to ferrocene-
benzimidazole 111 mediated kinetic resolution. The development of new catalysts 
coupled with lower temperature reaction conditions through further solvent screens, 
could lead to higher levels of both amide conversion and asymmetric induction, as 
well as providing further information on the factors that control catalyst activity. 
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3. Asymmetric enamine catalysis and the direct aldol reaction 
3.1 Introduction to organocatalysis 
Organocatalysis is defined as the rate increase imparted by the addition of an organic 
compound to a reaction and has received much attention in recent years. In particular, 
the use of proline and related derivatives for many transformations has been 
noteworthy since the beginning of the century. 62 Some of the disadvantages of metal-
based catalysts versus organocatalysis include cost, environmental impact, toxicity 
and product contamination. The scope and utility of organocatalysis has been 
demonstrated by its use in natural product synthesis. 63 
3.1.1 The first examples of asymmetric enamine catalysis 
In the 1970s, the development of the intramolecular aldol reaction of ketone 116 
catalysed by (S)-proline was the first example of using a small molecule catalyst for 
an asymmetric aldol reaction (Scheme 10).64 Aldol adduct 117 was obtained after 
reaction in DMF for 20 h in 99% yield and 93% e.e., in the presence of proline (3 
mol%). 
116 
L-Proline (3 mol %) 
DMF 
20 h 
o)jj 
OH 
117 
99%, 93% e.e. 
______ H_·-----0~ 
118 
Scheme 10. Hajos-Parrish-Eder-Sauer-Wiechert reaction. 
In 2000, List and Barbas described the first intermolecular direct asymmetric aldol 
reactions catalysed by proline between various aldehydes and acetone (Equation 
35).65 The reaction betweenp-nitrobenzaldehyde and acetone proceeded in 68% yield 
and 76% e.e. after 4 h with proline (30 mol%), and the other aromatic aldehydes 
screened furnished generally good yields and good to excellent e.e. The reaction time 
could be significantly reduced under microwave activation, as demonstrated by 
Alexakis in 2006 where 119 was produced in 68% yield and 74% e.e.66 At 25°C with 
microwave irradiation at 10 W, the reaction time was reduced to only 15 minutes. 
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0 0 L-Proline (30 mol%) 0 OH )l_ + HJlR ~R DMSO 2-8 h 
0 OH 0 OH 0 OH 
~ ~ ~ NOz Br 
119 120 121 
68%, 76% e.e. 62%, 60% e.e. 74%, 65% e.e. 
0 OH Cl 0 OH 0 OH 
~ ~ ~ /; 
122 123 124 
94%, 69% e.e. 54%, 77% e.e. 97%, 96% e.e. 
Equation 35 
This methodology was extended to the use of hydroxyacetone as a donor, affording 
anti-! ,2-diols in generally good yield, along with excellent diastereoselectivity ratio 
and e.e. (Equation 36).67 The product from using 3,3-dimethylbutyraldehyde as 
acceptor 131 was obtained with poor diastereoselectivity, as was 2-
chlorobenzaldehyde adduct 130 which also displayed moderate e.e. In comparison, 
the use of 5,5-dimethyl thiazolium-4-carboxylate 125 as an aldol catalyst generally 
provided improved e.e. values with aromatic aldehydes as substrates versus L-proline, 
but lower yields. 68 The immobilisation of (2S,4R)-4-hydroxyproline on PEG5000 
monomethyl ether (MeOPEG) 126, with a succinate spacer, provided similar yields 
and e.e.s to unsupported proline, allowing simple catalyst recovery and reuse. 69 Later 
it was demonstrated that N,N-dibenzyl-a-amino aldehydes 127 were also suitable 
acceptors, the proline-catalysed reaction proceeding with moderate to good yield and 
diastereoselectivity. 70 
C>-COzH 
N 
H 
125 
Q-oJt ~ .ol)-
- "-./" I( C0
2
H 
0 N 
H 
126 
74 
127 
R =Me, i-Pr, i-Bu, (CHz)4NBn2, 
CH20MOM 
A + 
OH 
0 OH 
ACo 
128 
60%, >20:1 d.r., >99% e.e. 
L-Proline (30 mol%) 0 OH 
DMSO 
2-8 h ~R 
OH 
0 OH 0 OH Cl JlJ:J< ~ ~ OH .& 
129 130 131 
62%, >20:1 d.r., >99% e.e. 95%, 1.5:1 d.r., 67% e.e. 38%, 1.7:1 d.r., >97% e.e. 
Equation 36 
The challenging use of a-unsubstituted aldehydes as acceptors in the cross-aldol 
reaction has been demonstrated.71 Deprotonation of the aldehyde component was 
successfully suppressed therefore preventing self-coupling, but substantial amounts of 
the undesired aldol condensation products were observed in many cases (Equation 
37). 
+ 
0 OH 
~ 
132 
29%, 70% e.e. 
(enone 38%) 
L-Proline (20 mol%) 
CHCI3 
3-7 days 
133 
23%, 61% e.e. 
(enone 46%) 
0 OH 
R1VR3 
R2 
+ 
0 R1.YR3 
R2 
r tu 
134 135 
77%, 2.5:1 d.r., 95% e.e. 41%, 7:1 d.r., 86% e.e. 
Equation 37 
Aldehydes can also be used as donors with activated carbonyl compounds (e.g. 
diethyl ketomalonate 137), but high catalyst loadings (50 mol%) are required to 
prevent the decrease in e.e. observed with extended reaction times (Equation 38).72 
0 
H~ 
L-Proline (50 mol%) 
136 137 
138 
90%, 90% e.e. 
Equation 38 
75 
On the other hand, the use of a protected a-amino aldehyde (phthalimidoacetaldehyde 
139) as donor with a,a-disubstituted aldehydes (5-10 equivalents) afforded the 
desired aldol adducts in good yield, high diastereoselectivity (up to > 100:1 d.r.) and 
enantioselectivity (up to >99.5% e.e.).73 Optimised conditions involved reaction in 
NMP at 4 °C, in the presence ofL-proline (30 mol%), as shown in Equation 39. 
0 0 0 OH 
H~ + HAyR L-Proline (30 mol%) H~R NMP 
013° R 4°C os~ 140 16-48 h :::... /, ~ ~ 
139 141 
Equation 39 
In 2002, MacMillan introduced the first direct enantioselective cross-aldol reaction of 
aldehydes. Proline (10 mol%) in DMF at 4 °C, with syringe pump addition of the 
donor aldehyde (this forms the enolate equivalent, in this case an enamine), afforded 
high yields and stereoselectivity of the desired cross-aldol products (Equation 40). 74 
L-Proline (10 mol%) 
DMF, 4°C 
0 OH 
H~ HUD H\Y Bu 
142 143 144 
80%, 4:1 d.r., 99% e.e. 87%, 14:1 d.r., 99% e.e. 80%, 24:1 d.r., 98% e.e. 
Equation 40 
+ 
HJL~J:/ 
rn T 
145 
75%, 19:1 d.r., 91% e.e. 
The Hajos-Parrish-Eder-Sauer-Wiechert reaction (Scheme 10) is a 6-enolendo 
aldolisation and proline was shown by List and coworkers to also catalyse 6-enolexo 
aldolisation of heptanedials and keto aldehydes with excellent enantioselectivity 
(Scheme 11).75 
76 
OH 
6-eno/endo OUOH 
6-eno/exo 
OH 
OHC,,,_A 
-------- L/ j--R' 
R;/J 
L-Proline (10 mol%) 
OH 
CH2CI2 
8-16 h 
OH OHC,,6 OH~,6< OHC,9 HO ~ OHC,0 
-, 
146 147 148 149 
95%, 10:1 d.r., 99% e.e. 74%, >20:1 d.r., 98% e.e. 75%, >20:1 d.r., 97% e.e. 92%,2:1 d.r., 99% e.e. 
Scheme 11. Proline-catalysed 6-enolexo aldolisation. 
The extension of the proline-catalysed aldol reaction to more expensive and less 
volatile ketones can be facilitated by the addition of water (1-5 equivalents) to the 
reaction in DMF, allowing stoichiometric use of the ketone donor.76 Although 
purification is simplified, reaction rates were slow (5-30 days with non-activated 
aldehyde acceptors). 
3.1.2 Proposed mechanism 
The proposed mechanism for enamine catalysis involves the initial formation of an 
iminium ion 151. Tautomerisation to the enamine 152 and reaction with an 
electrophile generates iminium ion 153 which, after subsequent hydrolysis, generates 
product 154 (Scheme 12).77 Additional evidence is provided by ESI-MS detection of 
the proposed intermediates. 78 
The enantioselectivity (equation 1, Figure 19) and diastereoselectivity (equation 2, 
Figure 19) in the proline-catalysed aldol reaction is explained by the transition states 
computed from the B3LYP/6-31G(d) density functional theory method. The enamine 
and carbonyl acceptor are in a partial Zimmerman-Traxler-like arrangement with the 
anti-enamine preferred. 79 
77 
The one-proline enamine mechanism is consistent with experimental data showing no 
non-linear effects in the pro line-catalysed aldo I reaction, 80 and high 0-18 
incorporation into the aldol products when 0-18 enriched water is used. 81 
'N/ v 
R~~ 
R1 
153 
\ 
R~ 
~R' 
y 
II 
X 
152 
Scheme 12. Proposed mechanism for enamine catalysis. 
0 OH 
R~R1 (1) 
(2) 
Figure 19. Computed transition states for the proline-catalysed aldol reaction. 
3.2 Towards carbohydrate synthesis mediated by proline82 
The direct enantioselective aldol reaction of a-oxygenated aldehydes as both donors 
and acceptors, provides access to protected polyols via self-reaction, as well as anti-
1,2-diols via cross aldolisation (Equation 41 and Equation 42).83 
78 
0 0 L-Proline (10 mol%) 0 OH 
~OTIPS + H~ ~OTIPS H DMF, rt H : 
acceptor 
155 
75%, 4:1 d.r., 99% e.e. 
Equation 41 
0 OH 
0 0 L-Proline (10 mol%) 
H~OTIPS + 
HJ!y 
H~ DMF, rt 
OTIPS 
donor 156 
43%, 8:1 d.r., 99% e.e. 
Equation 42 
The self-aldolisation is the first of a two-step carbohydrate synthesis (Scheme 13), 
with the second step reported soon after, via a Lewis acid-mediated tandem 
Mukaiyama aldol addition-cyclisation. 84 
0 0 
0 ~ox 0 OH H~OY /'X:XOH H~ H H~ 
xo •. 
Aldol1 Aldol2 XO : OY 
ox ox ox OH 
Scheme 13. Two-step carbohydrate synthesis via self-aldolisation. 
Around the same time, Cardova reported a similar two-step approach to carbohydrates 
in which both steps are proline-catalysed. 85 A wide-range of alkyl substituents are 
tolerated and yields ranged from 15-42% with excellent enantioselectivity (2:99% e.e.) 
in all the examples presented (Scheme 14). 
L-orD-proline (10 mol%) 
DMF 
L-orD-proline (10 mol%) 
DMF, 4 °C, 16 h, 
then rt, 24 h 
Scheme 14. Proline-catalysed carbohydrate synthesis. 
R,,,(O~OH 
R,y-.... , 
OH 
The proline-catalysed one-step trimerisation of propionaldehyde 157 afforded 
polyketide 159 containing four chiral centres with good diastereoselectivity but 
modest enantioselectivity (47% e.e. after 10 h, 33% e.e. after 3 days).86 Reducing the 
79 
temperature to 4 oc saw the enantioselectivity improve to 85% e.e. Similarly, self-
aldolisation of acetaldehyde afforded hexenal 161 in 90% e.e. at 0 oc in THF, whilst 
minimising formation of side product 162.87 
0 L-Proline (10 mol%) 
3~H DMF, 3 days 
157 
THF, 0 °C, 5 h 
0 3 )lH L-Proline (10 mol%) 
160 
")?:" 
OH 
158 
Equation 43 
OH 0 
+ 
HOIO'(''" 
~,,, 
d.r. 1:8 
53% yield 
OH 
159 
0 
~+ 
(S) H ~H 
161 162 
10%, 90% e.e. 
Equation 44 
Another approach by the Enders group employed 2,2-dimethyl-1 ,3-dioxan-5-one 163 
as a protected dihydroxyacetone equivalent.88 Proline (30 mol%) in DMF at 2 oc for 6 
days afforded good diastereoselectivity, enantioselectivity and generally good yields 
(Equation 6). Barbas also demonstrated the use of 163 under similar conditions. 89 
~ 0'1(0 
I\, 
163 
+ 
164 
L-Proline (30 mol%) 
DMF, 2°C, 6 d 
165 
31-97% , up to 98:2 d.r., 98% e.e. 
Equation 45 
3.3 Catalysis mediated by other amino acids and peptides 
In 2005, Cordova showed that the intermolecular aldol reaction could be catalysed by 
linear amino acids in wet DMSO, and hence, a pyrrolidine moiety was not essential 
for catalysis (Equation 46).90 Alanine, valine, isoleucine and aspartate were all active 
in the aldol reaction between 4-nitrobenzaldehyde and cyclohexanone, providing good 
stereoselectivity and yields. Alanine was screened further and it was found that donor 
80 
163 afforded better yields than cyclohexanone, although enantioselectivity was 
consistently high. This was later extended to various di- and tripeptides possessing a 
primary amino group, with e.e.s of up to 99% obtained (for example, see Equation 
47).91 
+ 
166 
95%, 15:1 d.r., 99% e.e. 
~ 
0'<0 
/\ 
163 
+ 
L-alanine (30 mol%) 
H20 (10 equiv) 
DMSO, rt, 3-4 d 
0 OH 
~N~ 
167 
84%, 6:1 d.r., >99% e.e. 
Equation 46 
L-ala-L-ala (30 mol%) 
H20 (10 equiv) 
DMSO, rt, 1-2 d 
Equation 47 
0 OH 
R1VR3 
R2 
168 
41%, >19:1 d.r., 99% e.e. 
169 
70%, 3:1 d.r., 99% e.e. 
Barbas elegantly demonstrated that the use of primary amino acids could mediate the 
syn-aldol reaction with hydroxyacetone as donor.92 It was proposed that the reaction 
would proceed through Z-enamine 170, stabilised by a hydrogen bond between the 
hydroxyl and amino groups. L-Threonine 171 and L-O-t-butyl-threonine 172 were 
screened with a range of electron-deficient aromatic aldehydes and hydroxyacetone, 
affording high yields of syn-1,2-diols with good enantioselectivity (Equation 48). 
This has very recently been expanded to the use of TBS, benzyl-protected and 
unprotected dihydroxyacetone as a donor in the syn-aldol reaction, again catalysed by 
172.93 
81 
iOH 
H2N C02H 
H ):OtBu 
H2N C02H 
170 171 172 
0 171 or 172 (20 mol%) 
~OH + NMP, 4 °C, 16-48 h 
OH 
up to 95%, 18:1 d.r., 98% e.e. 
Equation 48 
Oligopeptides with N-terminal proline residues have been shown by Reymond to also 
catalyse the aldol reaction between 4-nitrobenzaldehyde and acetone in 96% yield and 
66% e.e. (Equation 49).94 Combinatorial peptide synthesis could allow the 
development of a large library of potential catalysts for screening. 
0 
A + 
3.4 Pyrrolidine-based derivatives 
H-Pro-Giu-Leu-Phe-OH 
(40mol %) 
DMSO 
18 h 
Equation 49 
96%, 66% e.e. 
Unsurprisingly, most derivatives are based on the modification of chiral pyrrolidines 
and usually involve replacing the carboxylic acid function of proline. Yamamoto and 
coworkers have developed diamine-protonic acid derivatives for the aldol reaction, 
and the best compromise between reaction rate, e.e. and suppressing formation of the 
condensation product was found to be a I: I ratio of 173 and 174, where 173 acts as a 
convenient source oftriflic acid (Equation 50).95 Low catalyst loadings provided high 
e.e.s and generally good yields with the ketone donor as solvent. 
82 
175 
60%, 88% e.e. 
(enone 7%) 
+ 
0 C)-J 
H .2TfOH 
173 174 
173 (1.5-5 mol%), 174 (1.5-5 mol%) 0 OH 
2-48h R1VR3 
37%, 83% e.e. 
(enone 32%) 
30 °C R2 
88%, 2:3 dr, 84% e.e. 
Equation 50 
+ 
0 R1YR3 
R2 
97%, 3:1 dr, 96% e.e. 
The same group have employed (S)-2-pyrrolidine-tetrazole 179 in the reaction of 
ketones with chloral 182 or its monohydrate 181, producing the desired products in 
good yield and with high e.e.s. 96 It was found that chloral 182 afforded better 
reactivity with aliphatic ketones, e.g. 3-methyl-2-butanone 180 (Equation 51), but 
chloral monohydrate 181 showed better reactivity with aromatic ketones (Equation 
52). Depending on the preferred reaction partner, the amount ofwater in the reaction 
was found to be a critical parameter. 
180 181 
~ 
x}l) 
+ 
0 
or )l 
H CCI3 MeCN, 40 °C, 24 h 
182 
Equation 51 
179 (10 mol%) 
MeCN, 40 °C, 96 h 
181 
Equation 52 
83 
0 OH 
~CCI3 
183 
monohydrate 181:35%,97% e.e. 
chloral182 : 79%, 97% e.e. 
a; X = H: 75%, 92% e.e. 
b; X= Br: 76%, 91% e.e. 
Tetrazole 179 has also been screened in the reaction of 4-nitrobenzaldehyde and 
acetone, where optimised conditions (20 mol%, DMF, -50 oc, 4 h) afforded the 
product in 77% yield and 86% e.e.97 The rate of reaction of acetone with 4-
methoxybenzaldehyde and pivaldehyde, was significantly increased with catalysis by 
179 versus L-proline. This was explained by the improved solubility of 179 and the 
quantitative formation of a bicyclic oxazolidinone 185, detected on mixing L-proline 
with pivaldehyde by 1 H NMR . 
The Ley group has screened the acyl sulfonamides 186 and 187 (20 mol%) in the 
direct asymmetric aldol reaction of various ketones and 4-nitrobenzaldehyde leading 
to good yields and e.e.s in the majority of examples presented.98 Dichloromethane 
was found to offer the best compromise between reaction rate and enantioselectivity. 
However, the use of cyclopentanone as a donor led to low e.e.s, and the 
diastereoselectivity was poor with cyclic ketones. The higher enantioselectivity 
observed with catalyst 187 was attributed to the electron withdrawing phenyl group 
lowering the pKa of the sulfonamide. 
0-t-oR 
HN-S-Me 
II 
0 
186 
0-t-oR 
HN-S-Ph 
II 
0 
187 
Sulfonamide 188, bearing a bulkier aromatic substituent, has been used in the aldol 
reaction of methyl ketones with u,~-unsaturated trifluoromethyl ketones, e.g. 189.99 
Good yields and high enantioselectivities were obtained with the ketone donor as 
solvent and a wide variety of phenyl substituents were tolerated, but cyclic ketones 
failed to react (Equation 53). 
84 
0 
Ph~CF3 + 0 )( 
189 
188 (10 mol%) 
TFA (10 mol%) 
0 °C, 6 h 
Equation 53 
AX)(HO CF3 0 . 
Ph 
190 
93%, 92% e. e. 
The use of L-prolinamide derivative 191 provided aldol adducts using acetone as 
donor in generally moderate yields with very good e.e.s (Equation 54). 100 However, 
the use of a-unbranched aldehydes saw low yields, and low temperature was 
necessary in order to obtain high e.e.s. The terminal hydroxy group of 191 was 
deemed to be essential for catalysis. The use of the ionic liquid [bmim][BF4] 196 at 0 
oc for 24 h afforded generally improved yields for aromatic aldehydes with higher 
enantioselectivity observed in all cases (yields and e.e.s for the reaction in 
[bmim][BF4] shown in parentheses in Equation 54). 101 Replacement of the phenyl 
substituents in 191 with ester groups leads to a more active catalyst 197, which is used 
under identical conditions but at a loading of 2 mol%. 102 Again, the increase in 
activity is explained by the increased acidity of the amide. However, the use of 2-
butanone as a donor leads to poor regioselectivity, although the overall yield, 
enantioselectivity and diastereoselectivity are very high (Equation 55). 
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0 
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0 OH 
~ ..& N02 
192 
66%, 93% e.e. 
(82%, 94% e.e.) 
0 
+~ 
0 OH 
191 
191 (20 mol%) 
acetone 
-25°C 
24-48 h 
~ 
193 
51%, 83% e.e. 
(50%, 92% e.e.) 
196 
Equation 54 
197 
197 (2 mol%} 
2-butanone 
-25°C 
24-48 h 
Equation 55 
0 OH 
)UR 
0 OH 0 OH 
~ ~ 
194 195 
51%, >99% e.e. 17%, 87% e.e. 
(46%, 99% e.e.) 
198 199 
56%, 98% e.e. 42%, >99:1 d.r., 99% e.e. 
Another prolinamide derivative 200 was shown to be active m the direct aldol 
reaction with cyclohexanone and various aromatic aldehydes in the presence of acetic 
acid (200:AcOH, 1: 1 ), providing good selectivity for the anti-diastereomer and high 
enantioselectivities. 103 Chloroform was used as the solvent and the reaction of 4-
nitrobenzaldehyde with 2-butanone, in the presence of200 (2 mol%) led to improved 
regioselectivity compared to 197, affording 199 in 63% yield, 95:5 d.r. and 99% e.e. 
(198 was formed in 9% yield). Modification of the catalyst structure led to 201 and 
202, which were efficient catalysts for the aldol reaction of heterocyclic ketones 
(Equation 56). 104 
86 
J-q c~H ~ HNqO 
200 ~ \ 
=--
+ 
X= NBoc, 0, S 
(5 equiv) 
201 
201 or 202 (20 mol%) 
AcOH (40 mol%) 
THF, -20 °C, 18-120 h 
Equation 56 
{fR 
X 
203 
up to 96%, >99:1 d.r., >99% e.e. 
Proline hydrazide derivative 204 and TF A (20 mol%, 1:1) were found to provide high 
yields and enantioselectivities in toluene at 0 °C, but only with electron-deficient 
aldehydes. 105 Slow reaction was observed with electron-rich aromatic aldehydes and 
aliphatic aldehydes failed to react. 
Benzimidazole-pyrrolidine 205 also required the use of a TF A additive for efficient 
reactivity, where excellent enantioselectivity in THF was observed, especially with 
cyclic ketones (although diastereoselectivity was modest). 106 Catalyst loadings could 
be reduced to as little as 2 mol% with only 1.1 equivalents ofketone donor. 
In the reaction between 4-nitrobenzaldehyde in acetone, aminophosphonate 206b (20 
mol%) afforded the aldol product in 69% yield and 82% e.e. in 24 hand proved more 
active than 206a, presumably due to its better solubility. 107 Interestingly, the anti-
preference with cyclohexanone as donor could be reversed by addition of DBU (5 
mol%) to the reaction catalysed by 206a in DMSO (Equation 57). 
87 
206 
a; R = H 
b; R =Et 
+ 
206a (5 mol%) 
DBU (5mol%) 
DMSO 
rt, 72 h 
Equation 57 
207 
60%, 2:1 d.r., 91% e.e. 
The first use of a-keto acids as acceptors (e.g. 209) was catalysed by aminopyridine 
amide 208, providing ~-hydroxy carboxylic acids with a tertiary stereogenic centre 
(e.g. 210) in high yields and excellent enantioselectivities (Equation 58). 108 Toluene 
proved to be the best solvent and a range of aryl and alkyl a-keto acids were screened. 
0 
A + 
0 t.:l ~~ ~N \__~H 
208 
208 (20 mol%) 
Toluene, 
0 °C, 48 h 
Equation 58 
210 
>99%, 93% e.e. 
The first cyclisation to 3-alkyl substituted pyrrolidine derivatives 212, via a syn-
selective intramolecular aldol reaction catalysed by (2S,3R)-3-hydroxy-3-
methylproline 211 (Equation 59), has also been reported recently. 109 
211 
211 (5 mol%) 
H20 (5 equiv) 
THF, 0 °C tort, 5-24 h 
then NaBH4, EtOH, 0 °C 
Equation 59 
88 
R = Me: 73%, 95:5 d.r., 88% e.e. 
3.5 Other catalysts 
The enantioselectivity of the trimerisation ofpropionaldehyde to 214 can be increased 
to 94% e.e. by using one of MacMillan's imidazolidinone derivatives 213 and this is 
accompanied by an increased yield of 86%. 110 Methanolysis of 214 leads directly to 
~-hydroxy dimethoxyacetal derivatives 215, and the syringe pump addition of the 
donor aldehyde leads to good yields and high enantioselectivities in the cross-aldol 
reaction of various aldehydes (Scheme 15). 
I f~~ 
Ph 
213 
3 0 
213 (10 mol%) Amberlyst-15 M'O~ H~ 
+ 
OMe OH 
MeO~ 
216 
86%, 4:1 d.r., 94% e.e. 
MeOH 
214 
(i) 213 (10-20 mol%), Et20, 4 °C 
(ii) Amberlyst-15, MeOH 
M'O~ MeQ;yy 
l V Bu 
215 
OMe OH 
MeOVR2 
R1 
M,Q;yy 
Bn 
217 218 219 
81%, 5:1 d.r., 97% e.e. 80%, 6:1 d.r., 91% e.e. 80%, 5:1 d.r., 91% e.e. 
Scheme 15. Cross-aldol reaction of aldehydes catalysed by imidazolidinone 213. 
Maruoka and coworkers developed a binaphthyl-based catalyst 220 for the direct 
asymmetric aldol reaction of electron-deficient aldehydes with acetone, showing 
improved reactivity and enantioselectivity versus proline (Equation 60). 111 Excellent 
e.e.s were seen with the aldehydes screened and the binaphthyl structure opens the 
way to a family of potentially improved catalysts based on this moiety. 
89 
0 
RCHO + A 
~ 
OzN~ 
221 
82%, 95% e.e. 
220 
220 (5 mol%) 
DMF, rt, 24 h 
~ 
222 
91%,95% e.e. 
Equation 60 
OH 0 
R~ 
OH 0 
Et02C~ 
223 
81%. 96% e.e. 
Amino sulfonamide derivative 224 has recently been demonstrated as a catalyst for 
the syn-selective cross-aldol reaction of aldehydes, where slow addition of the donor 
aldehyde was not required. 112 Electron-deficient aldehydes reacted with a variety of 
aliphatic aldehydes in moderate to good yields with excellent diastereo- and enantio-
selectivity (Equation 61 ). 
224 
224 (5 mol%) 
NMP, rt, 36 h 
OH 0 
d'!" 0 2N 
225 
73%, >20:1 d.r., 98% e.e. 
Equation 61 
The use of linear aliphatic ketones as donors has been addressed by the group of 
Cheng with the use of primary-tertiary diamine 226, in the presence of triflic acid and 
3-nitrobenzoic acid (10 mol%, 1:1: 1). 113 Aliphatic aldehydes were unsuitable 
substrates probably due to their self-condensation, but ethyl ketones (e.g. 2-butanone 
227) reacted preferentially at the methylene carbon affording the branched products 
90 
with syn-selectivity (e.g. 228). However, longer chain aliphatic ketones, e.g. 
methylpropyl ketone 229, afforded linear products, e.g. 230. 
0 0 dH + ~ 
227 
0 2N 
0 0 dH + ~ 229 
02N 
o:NH2 N..-C3H7 
I 
C3H7 
226 
226 (10 mol%) 
TfOH (10 mol%) 
3-N02C6H4C02H (10 mol%) 
Equation 62 
226 (10 mol%) 
TfOH (10 mol%) 
J-N02C6H4C02H (10 mol%) 
Equation 63 
OH 0 
02N dr 
228 
OH 0 
~ h 02N 
230 
A range ofbimorpholine derivatives have also been screened in the aldol reaction, of 
which 231 was found to be the most active. 114 Enantioselectivities were good in the 
reaction of aromatic aldehydes with acetone, but high catalyst loadings (30 mol%), 
long reaction times ( 6 days) and poor yields with non-activated aldehydes were 
observed. 
0-0 HA 
231 
3.6 Synthesis of aldol adducts containing quarternary centres 
Barbas and coworkers identified that a pyrrolidine-acetic acid combination facilitates 
the reaction of a,a-dialkylaldehyde donors and activated arylaldehyde acceptors. 115 
A novel fluorescent screening method was employed, which allowed rapid 
identification of active pyrrolidine-acid combinations. For example, the reaction of 
isabutyraldehyde and 4-nitrobenzaldehyde afforded product 232 in 96% yield after 2 
91 
h (Equation 64). In comparison, proline (30 mol%) was a poor catalyst for this 
reaction providing 232 in 34% yield after 3 days, although the reaction proceeded 
with good enantioselectivity (80% e.e.). 
pyrrolidine (5 mol%) 
AcOH (25 mol%) 
DMSO 
2h 
Equation 64 
232 
96% 
The asymmetric version of the reaction employed chiral diamine 174 and TF A, both 
at a loading of 30 mol%, providing 232 in excellent yield (95%) and 
enantioselectivity (94%) in only 2 h. 116 Reducing the catalyst loading to 5 mol% still 
afforded aldol product 232 in 92% yield and 96% e.e., after 24 h. 
174 
3. 7 Aqueous aldol catalysis 117 
The use of water as a solvent is highly desirable because of the environmental, cost 
and safety benefits it offers. These are complementary to the advantages of 
organocatalysis and as a result, there has been a substantial drive to develop 
organocatalysts that are active in water. 
To this end, in 2002, Janda showed nomicotine 233 could catalyse the aldol reaction 
between activated aldehydes with sufficient water solubility (e.g. 4-
nitrobenzaldehyde, 2-chlorobenzaldehyde) in aqueous phosphate buffer (pH 7.4), 
however, the reaction failed to proceed in organic solvents. 118 Although the yield for 
reaction between 4-nitrobenzaldehyde and acetone was 81%, the e. e. was 
disappointingly low (~20%). Evidence for an enamine intermediate between 
nomicotine 233 and acetone was successfully obtained by trapping with NaCNBH3. 
In addition, the results from testing a range of 2-arylpyrrolidines 234 indicated that 
92 
electron-withdrawing substituents were beneficial due to the reduced pKa of the 
pyrrolidine nitrogen. 119 
c/{ 
N 
233 234 
R = 3-N02, 4-CF3, 4-CI, 4-0Me 
Diamine 174 (25 mol%), also in aqueous phosphate buffer but also containing DMSO 
( 1:1 ), catalysed the reaction of dihydroxyacetone with various aldehydes, providing a 
direct route to monosaccharides. 12° For example, benzyl-protected pentulose 236 was 
obtained with high selectivity for the anti-diastereomer (Equation 65). When the 
reaction was carried out with L-proline, no diastereoselectivity was observed and 
neither L-proline nor 174 afforded any significant diastereoselectivity in a screen of a 
number of ketone donors with 4-nitrobenzaldehyde. 
(\ + 
OH OH 
0 
H~OBn 
235 
174 (25 mol %) 
DMSO/aq phosphate buffer 
(1 :1) 
24 h 
Equation 65 
0 OH 
HO~OBn 
OH 
236 
50%, >20:1 d.r. 
In 2006, Hayashi and coworkers used 4-tert-butyldiphenylsiloxy proline 237 as the 
first asymmetric organocatalyst for the direct aldol reaction in the presence of 
water. 121 Although cyclohexanone reacted in good yields and with high 
stereoselectivity, acetone and hydroxyacetone provided only moderate 
enantioselectivity. Catalyst loadings as low as 1 mol% could be employed, although 
the use of 237 in organic solvents led to reduced diastereo- and enantio-selectivities 
(Equation 66). 
93 
+ 
TBDPSO,, 
-~C02H 
N 
H 
237 
237 (1 mol%) 
water (300 mol%) 
rt, 2 days 
Equation 66 
238 
78%, 10:1 d.r., >99% e.e. 
Shortly after, di- and tri-peptides with a primary amine at theN-terminus (e.g L-val-
L-val, L-val-L-phe) were shown to catalyse the direct aldol reaction. 122 In comparison 
to 237, diastereoselectivity was generally poor, a 30 mol% peptide loading was 
required and the majority of reactions were carried out in a 1:1 mixture of water-
methanol or water-DMSO. However, the first enantioselective reaction of 
unprotected dihydroxyacetone as an aldol donor was demonstrated providing the aldol 
product 239 in 53% yield, 1:1 d.r. and 70% e. e. (Equation 67), whereas proline 
produced 239 in only trace amounts and less than 10% e.e. 
(\+ 
OH OH 
L-vai-L-phe (30 mol%) 
H20: DMSO (1:1) 
4 days 
Equation 67 
0 OH 
r:m N02 
239 
53%, 1:1 d.r., 70% e.e. 
A noteworthy variation of the reaction between hydroxyacetone and electron-deficient 
aldehydes is that catalysed by peptide 240. 123 In a water-THF mixture, the 1,4-diol 
241 is formed as the major product in good yields and high enantioselectivities 
(Equation 68). This is in contrast to the favoured 1 ,2-diol 242 observed in L-proline 
catalysed reactions (vide supra). The use of less activated benzaldehyde and aliphatic 
cyclohexylformaldehyde as acceptors was solved by the use of prolinamide 197, with 
the presence of water crucial for the observed regioselectivity (Equation 69, yields for 
the reaction in THF are shown in parentheses). 124 
94 
0 
+ ~OH 
R = 2-, 3-, 4-N02CsH4, 
4-CF3C6H4,4-CNC6H4 
0 0 
II + HO II R~H ~
Pro-Phe-Phe-Phe-OMe 240 
240 (10 mol%) 
THF-H20 (1:1) 
0 °C, 4 days 
OH 0 
R~OH 
241 
68-88% yield 
84-96% e.e. 
Equation 68 
0 0-Z C02Et 
N HN-( 
H )· .. •C02Et 
HO 
197 
197 (20-30 mol%) 
THF/H20 (2:1) 
-15°C, 2.5-5 d 
OH 0 
~OH 
R 
+ 
241 
+ 
R = 4-N02C6H4 95%, 95% e.e. (36%, 97% e.e.) 
R =Ph 44%, 97% e.e. 
R = C6H11 28%, 98% e.e. 
Equation 69 
Rv 
OH 
242 
OH 
242 
>5%(58%) 
trace 
trace 
In early 2006, Barbas established the utility of diamine 243 with TF A ( 1: 1) for the 
aldol reaction in the presence of water, affording aldol product 244 in 99% yield, 
89:11 d.r. and 94% e.e (Equation 70). 125 It was found that the presence of 
hydrophobic n-decyl groups was essential for activity, allowing the reaction to 
proceed in a concentrated organic phase. In addition, the amount of donor could be 
reduced to only 1 equivalent without detrimental effect. Electron-deficient aldehydes 
reacted well as acceptors, but when aliphatic ketones (acetone, 2-butanone) were 
employed as donors, only moderate enantioselectivity was observed. 
95 
+ 
243 
243 (10 mol%) 
TFA(10 mol%) 
H20 
25°C, 24 h 
Equation 70 
244 
99%, 89:11 d.r., 94% e.e. 
Catalyst 245, bearing a decanoate moiety, was shown by Hayashi to catalyse the 
direct cross-aldol reaction of aldehydes in water (Equation 71), where slow addition 
of the donor and an acid derivative were not required (vide supra). 126 High diastereo-
and enantio-selectivities were observed in all cases, but yields were low in the case of 
aliphatic aldehydes. This was explained by their insufficient hydrophobicity and the 
necessary reaction emulsion was not formed. 
245 
0 (i) 245 (10 mol%), water, 
+ ('H 0 °C, 70 h (ii) NaBH4, MeOH 
246 247 
92%, 19:1 d.r., 99% e.e. 
Equation 71 
Some recoverable catalysts have also been developed for the aldol reaction in water. 
Polystyrene-supported hydroxyproline 248 was effective particularly with electron-
deficient aromatic aldehydes, and recovered by simple filtration. 127 Dendritic N-
prolyl sulfonamide 249 also provided high yields, diastereo- and enantioselectivities 
with electron-deficient aldehydes and could be recovered by precipitation on addition 
of hexane-ethyl acetate. 128 Successful reaction with acetone was accomplished in 
both cases by increasing the number of equivalents to between 20-25. However, in 
neither case were aliphatic aldehydes screened as acceptors. 
96 
BnO 
op-oo, 
248 
o-ri-q 
N 0 0 
H 249 ~OBo 
BnO 
Tryptophan 250 has also been demonstrated by Lu to catalyse the direct aldol reaction 
between cyclic ketones and aromatic aldehydes in water, with high diastereo- and 
enantio-selectivity. 129 Electron-deficient aromatic aldehydes provided good yields 
within 24 hours, but less reactive substrates required longer reaction times (e.g. 
benzaldehyde and cyclohexanone required 92 h to afford 47% yield, 78:1 d.r. 
(anti:syn) and 89% e.e). In addition, acyclic ketones and aliphatic aldehydes failed to 
react, presumably again due to insufficient hydrophobicity (reaction mixture was 
heterogeneous with suspended tryptophan visible). The same group have also 
demonstrated the use ofTBS-protected threonine 251 (2-10 mol%) as a catalyst for 
the direct aldol reaction in the presence of water. 13° Cyclohexanone and TBS-
protected hydroxyacetone were reacted with a variety of aromatic aldehydes 
providing moderate to good yields and diastereoselectivity, with excellent 
enantioselectivity. 
250 251 
Chiral binaphthyl derivative 252 (10 mol%) with stearic acid (C17H35COOH, 20 
mol%) has also been shown to be a good general catalyst for the aldol reaction in 
water. 131 Even deactivated 4-methoxybenzaldehyde reacted in 57% yield and 87% e.e 
in 12 h, and acetone could be employed as a donor when the reaction was run in 
acetone-water ( 1: 1 ). 
97 
~~~"'0 
O HN 
252 
L-Prolinethioamide 253 was shown to catalyse the direct aldol reaction in various 
organic solvents (DMF, THF, NMP), with the addition of TF A providing the most 
remarkable increases in yield and enantioselectivity of the large selection of additives 
screened (up to 99% yield and 98% e.e). 132 This was recently extended to reaction in 
brine (promoting the formation of a concentrated organic phase) with dichloroacetic 
acid used in place ofTF A, and a 5 mol% catalyst loading sufficient for the majority of 
substrates screened. 133 It was found that as little as 1.2 equivalents of cyclic ketone 
could be employed, but the reaction of non-activated aldehydes resulted in low yields. 
The use of heterocyclic ketones was also demonstrated with the products isolated in 
good yields with high diastereo- and enantioselectivities (Equation 72). 
+ 
Ph [XN--\ 
~ s 
253 
253/CI2CHC02H (20 mol%) 
brine, rt; 36 h 
Equation 72 
0 OH 
cJu.o, 
254 
85%, >95:5 d.r., 94% e.e. 
Recently, Singh has demonstrated the use of L-prolinamide 255 for the reaction of 
cyclic and acyclic ketones with a range of aldehydes, again employing brine as a 
reaction medium. 134 Good yields and excellent diastero- and enantioselectivities were 
obtained, even with deactivated aldehydes, no acid additive was required, and a very 
low catalyst loading (0.5 mol%) was used in comparison to other aldol 
organocatalysts. On the other hand, prolinamide 256 proved to be relatively poor, 
providing good yields but with only up to 62% e.e, suggesting the importance of the 
terminal hydroxy group. 135 
98 
C(~tt 
Ho-T-Ph 
Ph 
255 
a; R = i-Bu 
b; R =Ph 
256 
The dimerisation of propanal, catalysed by proline amide 257 is the first and only 
example of a direct aldol reaction that takes place in the aqueous phase (a 
homogeneous reaction in water, rather than proceeding in a concentrated organic 
phase). 136 The reaction afforded the aldol product in moderate yield, with virtually no 
diastereoselectivity ( 1.1: 1 ), but good enantioselectivity (78%) after 2.5 h. After 24 h, 
the amount of aldol product remained almost the same due to dehydration providing 
260 in 56% yield (Equation 73). 
257 
2 
257 (20 mol%) N"· 
258 
R"· ~H 
259 260 
H20, rt 
then NaBH4, MeOH 
I= 2.5 h 40%, 74% and 78% e.e. 0% 
I= 24 h 38%, 45% and 36% e.e. 56% 
Equation 73 
3.8 Summary and conclusions 
In summary, organocatalysis of the aldol reaction has been thoroughly investigated 
with proline and various derivatives. In general, high enantioselectivities can be 
obtained at room temperature with reasonable reaction rates. It is particularly 
interesting to note that linear amino acids are active aldol catalysts and that the 
development ofwater-tolerant catalysts has recently experienced good progress. 
However, a catalyst that displays good general activity with all substrates remains 
elusive. The use of a large excess of ketone donor, ketones as acceptors, and aliphatic 
aldehydes as acceptors with ketone donors, remain unsolved problems in the majority 
of cases. The use of additives, such as highly corrosive TF A, is also both fairly 
99 
widespread and undesirable. Surprisingly, the use of a Lewis acid attached to the 
pyrrolidine ring for acceptor activation has yet to be examined. 
100 
4. Results and Discussion - Amino-boronic acids as catalysts for the 
direct aldol reaction 
4.1 Introduction 
In recent years, the field of asymmetric enamine catalysis has experienced explosive 
growth, with the screening of proline providing a benchmark against which to 
compare modified derivatives with. Proline is both cheap and readily available, can 
provide high yields and excellent e.e.s, and therefore is a suitable choice for 
comparison. However, there are a number of problems with proline, not all of which 
have been addressed with the many derivatives that have been synthesised. Notably, 
proline requires high catalyst loadings, usually around 20-30 mol% and this is mainly 
due to its limited solubility in organic solvents. Therefore, typical solvents for 
proline-catalysed reactions tend to be highly polar, e.g. DMSO, DMF, NMP, which in 
tum leads to difficulties with product isolation and purification, as well as 
environmental concerns. In addition to this, the substrate scope of proline is limited. 
For example, the use of linear aliphatic ketones as donors, and ketones generally as 
acceptors is difficult. In most cases, there is also the need for a large excess of the 
ketone donor in order to ensure reasonable reaction rates. In order to try and address 
some of these issues, the synthesis of amino-boronic acid 261 incorporating a 
pyrrolidine moiety, was undertaken. 
(S)-261 
By replacing the carboxylic acid function of proline with a boronic acid, it was 
envisaged that enamine formation and Lewis acid activation by boron would lead to 
asymmetric induction in an analogous fashion to the carboxylic acid's role in proline 
catalysis (Figure 20). 79 
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0 OH 
R2~R, 
(R) 
0 OH 
R2~R1 
(S) 
(1) 
(2) 
Figure 20. Transition state for the proline-catalysed aldol reaction ( 1) and proposed 
transition state for 261-catalysed aldol reaction (2). 
4.2 Catalyst synthesis 
The synthesis of amino-boronic acid 261 was initiated with preparation of the 
chloromethylboronate electrophile 264 (Scheme 16). Initially, lithium-halogen 
exchange of bromochloromethane 262 with triisapropylborate in situ, warming to 
room temperature and addition of a 0.7 equivalents of pinacol, allowed isolation of 
crude boronate 264 containing excess pinacol. Attempts to purify this using Kugelrohr 
distillation proved problematic due to co-distillation of pinacol. Therefore, pinacol 
was not added after lithium-halogen exchange, allowing the boronic acid 263 to be 
isolated in a good 77% yield. Subsequent recrystallisation from hexane-ether and 
esterification with pinacol (1 equivalent) afforded the desired boronate 264 in 94% 
yield. 
262 
(i) B(OiPr)J, n-Buli, 
THF, -78 °C, 1 h 
(ii) -78 octo rt, 18 h 
(iii)20% HCI 
77% 
pinacol, Et20, 10 min 
94% 
263 
Scheme 16. Synthesis of chloromethylboronate 264. 
The first attempts at (-)-sparteine-mediated lithiation of N-Boc-pyrrolidine 265, in the 
absence of zinc chloride, afforded (S)-266 in only 12% yield. The yield of (S)-266 
was improved moderately to 25% on heating the reaction mixture to reflux for 2 h, 
after warming to room temperature. Collapse of the intermediate 'ate' -complex was 
assisted by addition of zinc chloride, 137 allowing isolation of protected boronate (S)-
102 
266 in a good 69% yield. Similar results (71% yield) were obtained when replacing 
sparteine with TMEDA. The resulting racemic mixture 266 was used to develop the 
resolution method on chiral GC, revealing (S)-266 had been produced in 94% e.e. 
(Scheme 17). 
Q 
Boc 
265 
c(~-
69% 
B-o 0 .... ,1 N 20% HCI (aq), t., 2 h 
Boc94"' ~8% 
10 e.e. 
(S)-266 
(i) s-BuLi, (-)-Sparteine, Et20, -78 •c, 4.5 h 
(ii) CICH2Bpin 264, ZnCI2, -78 •c tort, 16 h 
(i) (HOCH2CH2)2NH, t. 
(ii) THF-5% HCI, rt, 50 min 
56% 
TFA-DCM, rt, 2 h 
(S)-267 
Scheme 17. Synthesis of amino-boronic acid (S)-268. 
(S)-268 
a;X=CI· 
b; X= CF3C02-
In order to confirm the expected absolute stereochemistry of (S)-268, (S)-266 was 
oxidised in the presence of hydrogen peroxide and sodium hydroxide to afford N-Boc 
prolinol (Equation 74). Comparison ofthe sign of the optical rotation ([a] 0 22 +50.8) 
with the available literature data138 confirmed the assignment of(S)-268. 
q*f 
B-0 o .. ../ 
N 
Boc 
(S)-266 
t., THF, 6.5 h 
Equation 74 
0 .,,/0H N 
Boc 
Initially, pinacol deprotection was attempted by transesteriftcation with phenylboronic 
acid in hexane-water, but this was unsuccessful leading to recovery of starting 
material from the organic phase. 139 Pinacol deprotection by transesteriftcation with 
diethanolamine was more effective, and subsequent hydrolysis afforded boronic acid 
(S)-267 in 56% yield. 140 However, since the diethanolamine ester did not crystallise 
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out from the reaction mixture, the pinacol had to be removed by distillation at reduced 
pressure and this proved difficult to completely achieve. Nevertheless, slow 
crystallisation from THF provided crystals suitable for X-ray analysis (Figure 21). 
Figure 21. X-ray molecular structure of (5)-267. Thermal ellipsoids are drawn at 50% 
probability level. 
Boc deprotection was attempted using TF A-DCM ( 1: 1 ), but this led to isolation of 
animpure brown oil which could not be purified despite extensive efforts to induce 
crystallisation (Scheme 17).141 Boc deprotection using methanolic HCl-MeOH led to 
isolation of a pale yellow oil. 141 In both cases, 1H and 11 B NMR in D20 showed the 
deprotection had been successful, but final purification could not be achieved. 
Simultaneous Boc and pinacol deprotection was achieved by heating (5)-266 with 
20% (w/v) aqueous HCl for 2 h. The resultant brown oil was subjected to ion 
exchange chromatography using Dowex 50WX8-200, and the product (5)-261, was 
eluted using 3.5% ammonium hydroxide. However, this failed to purify the crude 
product and afforded a mixture of boron species to include the boronic acid, dimer 
and ammonium 'ate ' -complex. Omitting the ion exchange chromatography and 
simply washing the crude with several portions of ether, allowed the product to be 
isolated as the HCl salt (5)-268a in an excellent 98% yield. The 11 B NMR showed one 
signal at 88 31 , confirming the presence of free boronic acid, i .e. with no boron-
nitrogen chelation. 
Another route to boronate (5)-266 was achieved by homologation of protected 
boroproline (5)-270 by treatment with chloromethyllithium, generated in situ by 
104 
treating bromochloromethane with n-BuLi (Scheme 18). 137' 142 Again, the addition of 
zinc(II) chloride proved necessary, and (S)-266 was produced in 26% yield with 
retention of configuration. The e.e. and absolute configuration of (S)-269 were 
determined by chiral HPLC of the (-)-pinanediol ester and X-ray analysis of the 
(1S,2S)-hydrobenzoin ester respectively, 142 and although there was no change in the 
e.e. of (S)-266 by chiral GC, the previously described route was selected because of 
the lower yield in this case. 
o (i) s-Buli, (-)-Sparteine, Et20, -78 °C, 4 h 
~oc (ii) B(OiPrh, -78 °C tort, 16 h 
265 72% 
O··,B(OH)2 
N 
Boc 
90% e.e. 
(S)-269 
(i) BrCH2CI, n-Buli, THF, -78 °C, 1 h 
(ii) ZnCI2, -78 °C to rt, 16 h 
(S)-270 26% 
pinacol, CHCI3, 30 min 
98% 
~kr 
B-0 o ... ,/ 
N 
Boc 
90% e.e. 
(S)-266 
Scheme 18. Synthesis of(S)-266 by homologation ofprotected boroproline (S)-270. 
The pinacol ester of amino-boronic acid (S)-268a was also synthesised for subsequent 
screenmg. Due to the high water solubility of (S)-268a, the use of THF in the 
presence of 1 equivalent of triethylamine led to a biphasic reaction mixture and no 
product conversion. The same result was observed when aqueous sodium hydroxide 
was used as the base, with the starting material (S)-268a remaining in the aqueous 
phase. Fortunately, vigorously stirring a mixture of (S)-268a and pinacol in 
chloroform afforded the desired product (S)-271 in reasonable 46% yield (Equation 
75). Recrystallisation from acetone provided crystals suitable for X-ray analysis 
(Figure 22). It is worth noting that the recrystallisation step could have increased the 
e.e. of(S)-271, which is based on the e.e of(S)-266 (as determined by chiral GC). 
Q .. ,,/B(OHh 
N·• 
H2 Cl· 
(S)-268a 
pinacol, CHCI3, 30 min 
46% 
Equation 75 
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~kr 
B-0 Q ... ,/ 
N+ 
H2 Cl· 
(S)-271 94% e.e. 
Cl1 
fiX/ Cl2flij 
Figure 22. X-ray molecular structure (5)-271. Thermal ellipsoids are drawn at 50% 
probability level. 
4.3 Behaviour in aqueous solution 
The titration curve for HCl salt (5)-268a allowed the pKa values to be determined as 
7.8 and 10.9 and provides information on the effect of pH on solution behaviour 
(Figure 23). 143 
0 5 10 15 20 25 
Volume of base (ml) 
Figure 23. Titration curve for (5)-pyrrolidin-2-yl-methylboronic acid 268a with 
sodium hydroxide in H20. 
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Figure 24. Variation of 1 H and 11 B NMR shifts of (S)-pyrrolidin-2-yl-methylboronic 
acid 268a with pH. 
The frrst pKa corresponds to quarternerisation of boron and the second to 
neutralisation ofthe ammonium ion, and this is further evidenced by 1H and 11B NMR 
titration data (Figure 24). 142'144 The 11 B NMR shifts start to decrease around pH 7 
from 88 = 31 to 88 = 3, along with the 1H NMR shifts for Ha, confrrming 
quarternerisation of boron. The NMR shifts for Hb and He start to fall at 
approximately pH 10, confirming neutralisation of the ammonium salt. The 
observation of averaged 11 B NMR shifts between 88 = 31 to 8s = 3 suggests that 
interconversion between sp2 and sp3 boron is fast on the NMR timescale. 
0 .. ~ 2 '' B(OHh 
(S)-272 
In comparison, boroproline (S)-272 has pKa values of 5.2 and 11.2, and therefore the 
boron is more acidic and the amine about the same basicity versus (S)-268a. 142 This 
can be rationalised by the closer proximity of boron and nitrogen in (S)-272, as well 
as the inductive effect ofthe additional methylene group. Boroproline (S)-272 is also 
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presumed to proceed via an intermediate B-N chelated species before formation of the 
'ate' -complex. 
In summary, the first pKa (pK1) corresponds to quarternerisation ofboron to form the 
zwitterion 273, and this is followed by deprotonation of the ammonium salt (pK2) to 
produce sodium 'ate' -complex 274 (Scheme 19). A transient species en route to 274 
could also be involved and this is likely to involve quarternerisation of boron by 
nitrogen. This could occur either via direct B-N chelation as in 275, which requires 
the formation of a 4-membered ring, or perhaps more likely by dimerisation, as in 
species 276. Addition of water to either species would generate zwitterion 273, but it 
is not possible to ascertain the exact nature of the participating species unambiguously 
from the titration curve (Figure 23). 
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Scheme 19. Effect of changes in pH on the solution behaviour of(S)-268a. 
4.4 Catalyst screening 
4.4.1 Proof of concept - the aldol reaction 
The aldol reaction between 4-nitrobenzaldehyde and acetone was examined with 
catalysts (S)-268a, (S)-271 and (S)-272 (Scheme 20). In the absence of base, 
hydrochloride salt (S)-268a failed to mediate the reaction (entry 1, Table 17) and 
therefore potassium tert-butoxide was examined as a base. 
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0 OH 0 0 fi'" catalyst (20 mol%) ~ ·~ acetone I~ rt 02N 02N 0 2N _.-:; 
277 (S)-278 279 
~~ 
Catalysts: 0 ... _.....B(OHh Q ..... l-0 0 .. N ,, N + N ''B(OH)2 H2 H2 c1· - H2 
Cl CF3COO 
(S)-268a (S)-271 (S)-272 
Scheme 20. Amino-boronic acid catalysed aldol reaction between 4-nitrobenzaldhyde 
277 and acetone. 
Table 17. Isolated yields and e.e.s for the catalyst screen on the aldol reaction 
between 4-nitrobenzaldehyde 277 and acetone. 
Entry Conditions Time (h) Yield (S)-278 e.e.a (%) Yield 279 (%) 
(%) 
(S)-268a 24 0 0 
2 KOtBu 24 43 0 11 
3 (S)-268a + KOtBu 24 62 8 11 
4 Et3N 24 0 0 
5 (S)-268a + Et3N 24 90 38 10 
6 (S)-272 + Et3N 24 14 0 0 
7 (S)-271 6 0 
8 (S)-271 + Et3N 6 46 30 36 
•netermined by chiral HPLC. 
In the presence of potassium tert-butoxide alone, aldol product 278 was formed in 
43% yield, along with 11% of chalcone 279 (entry 2). When (S)-268a was screened 
in conjunction with K01Bu, the yield of (S)-278 was improved to 62% but the e.e. was 
very low at 8% because of the general base catalysed reaction (entry 3). The base 
catalysed reaction was suppressed on switching the base to triethylamine, and hence 
in the presence of (S)-268a the aldol product (S)-278 was produced in 90% yield and 
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38% e.e. with a similar amount of chalcone 279 formed to the reactions in the 
presence of K01Bu (entries 4 and 5). The expected absolute stereochemistry of 278 
was confirmed by chiral HPLC of the corresponding product from the L-proline 
catalysed reaction. 65 
The fact that boroproline (S)-272 and triethylamine leads to 278 in only 14% yield 
(entry 6) and with no asymmetric induction suggests that catalyst (S)-268a could be 
operating in a bifunctional manner with participation ofthe boronic acid moiety. This 
is expected based on the boron-nitrogen distance in (S)-272 and the proposed proline 
transition state (see Figure 20). 
The pinacol ester (S)-271 was also examined in the hope the pinacol ester would act 
as a steric shield. Again, in the absence ofbase, no conversion was observed (entry 7, 
Table 17). In the presence of triethylamine, total conversion was a good 82% in 6 h, 
but only 46% of the aldol product (S)-278 was formed, the rest being chalcone 279 
(36%). Asymmetric induction was observed, however, but since the chalcone 279 
must be formed from dehydration of the aldol adduct (S)-278, increasing the reaction 
time would likely lead to quantitative formation of 279 (entry 8). 
4.4.2 Solvent effects on the aldol reaction 
Next, a variety of solvents were examined for their effect on conversion and e. e. with 
catalyst (S)-268a and triethylamine (20 mol%), on the reaction between 4-
nitrobenzaldehyde 277 and acetone (Equation 76). Whilst the use of a large excess of 
the ketone donor is acceptable in the case of acetone, this would be undesirable with 
more expensive substrates. 
0 
+ )( 
2n 
(S)-26Ba (20 mol%) 
solvent 
rt 
6h 
Equation 76 
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(S)-278 279 
Conversion to the aldol adduct (S)-278 vs. time data was obtained using the Gilson 
215 liquid handler, with conversion monitored by direct sampling and online HPLC 
analysis (Figure 25). The reaction mediated by L-proline in acetone was also run for 
companson. 
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Figure 25. Solvent effects on conversion to aldol adduct (S)-278 vs. time for the 
reaction between 4-nitrobenzaldehyde and acetone catalysed by (S)-268a 
The influence of the reaction solvent on both reaction rates and e.e. is substantial. 
The use of neat acetone leads to fast reaction, with that mediated by (S)-268a being 
comparable to the L-proline catalysed reaction, but the e.e. is higher in the latter case 
(62% vs. 38%). The use of a polar aprotic solvent DMSO produces the highest e.e. 
( 48%) observed in the presence of (S)-268a, suggesting this favours boronic acid 
activation of the aldehyde (Figure 20). The use of THF provides a similar rate but a 
lower e.e. of 40%; DCM shows a faster rate but the e.e. drops off significantly to 
20%. Acetonitrile, another polar aprotic solvent, has a negative effect on reaction 
conversion and appears to stop the reaction proceeding beyond 10% conversion. 
Surprisingly, the use of methanol as the reaction medium leads to the fastest reactions, 
but also the lowest e. e. of 10% suggesting a detrimental interaction with the boronic 
acid moiety of (S)-268a. Methanol readily esterifies boronic acids to produce the 
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corresponding methyl esters, but this would not be expected to be that significant and 
disruption of the transition state required for high asymmetric induction via solvent 
insertion is more likely. 144 
4.4.3 Applicability to other substrates 
The scope of catalyst (S)-268a was examined initially on the 3-component Mannich 
reaction145 between 4-nitrobenzaldehyde 277, p-anisidine 280 and acetone in DMSO 
over 24 h (Equation 77). Interestingly, the Mannich reaction failed to proceed at all, 
with aldol adduct (S)-278 and chalcone 279 isolated in 11% and 23% yield 
respectively. Analysis of the crude reaction mixture revealed all the aldehyde had 
been converted to the corresponding imine and suggests that (S)-268a does not 
mediate the Mannich reaction. 
It has already been established that amide bond formation catalyst N,N-
dimethylbenzylamine-2-boronic acid 80b exists only in its B-N chelated form (vide 
supra), and since boronic acid activation of the imine would require a B-N 
interaction, this would not be expected to be unfavourable. Therefore, it is likely that 
the formation of a stable B-N complex is preventing the reaction from proceeding. 
277 280 
OH 0 
0~~ 
(S)-278 
Q ... ,,_.....B(OHb 
Hz 
Cl 
(S)-268a (20 mol%) 
DMSO 
rt 
24 h 
+ ~0 
I"' 
OzN h 23% 
279 
Equation 77 
Therefore, attention was returned to the aldol reaction, m particular that of 
benzaldehyde 283 and hydroxyacetone 282 for which several solvents were examined 
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for their effect on conversion, diastero- and enantioselectivity of the aldol adduct 284 
(Table 18). The reaction was completely regioselective for product 284, with relative 
and absolute stereochemistries determined by comparison of the 1H NMR and chiral 
HPLC for the product obtained from the L-proline catalysed reaction. 152 Solvent 
choice was based on the enantioselectivities and reaction rates observed previously 
(see Figure 25), hence, two polar aprotic solvents NMP and DMSO were selected, 
along with THF. 
Table 18. (S)-268a catalysed aldol reaction between benzaldehyde and 
hydroxyacetone. 
0 0 (S)-268a (20 mol%) ~ + H~ Et3N (20 mol%) solvent OH rt 
24 h 
282 283 
Entry Solvent Conversion a anti:syna 
284 (%) 
1 NMP 39 41:59 
2 55 43:57 
3 THF 51 49:51 
0 OH 
~ 
284 
e.e. (%) 
42 (anti) 
46 (syn) 
46 (anti) 
52 (syn) 
26 (anti) 
42 (syn) 
•Determined by 1H NMR. 6Determined by chiral HPLC. cThe background 
reaction was checked in DMSO and does not proceed. 
The use ofDMSO afforded the highest e.e.s for both syn- and anti-284 (entry 2, Table 
18) and this confirms it as the solvent of choice for the highest enantioselectivities of 
those screened. DMSO also shows the highest conversion to product 284 (55%) and 
THF provides the lowest e.e.s (entry 3), and this is again consistent with the earlier 
solvent screen. In all cases, formation of the dehydrated enone was not detected and 
diastereoselectivities were poor. This is comparable to the results obtained with L-
proline catalysis for this reaction.68a 
Further substrates for the (S)-268a-catalysed aldol reaction were examined usmg 
DMSO as a solvent, and the results after 48 hare shown in Table 19. Unfortunately, 
these proved to be disappointing. The use of 2-butanone as a donor led to no reaction 
even with the activated acceptor 4-nitrobenzaldehyde, and 
cyclohexanecarboxaldehyde failed to react with acetone. Fortunately, 2-
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naphthaldehyde did react with acetone to afford the aldol adduct but with only 7% 
conversion - the corresponding enone was formed in 17% yield (entry 1, Table 19). 
However, the enantioselectivity of 38% is at the expected level for this catalyst, and 
the absolute stereochemistry was confirmed by comparison of the chiral HPLC of the 
product obtained from the L-proline catalysed reaction.68a The use of 
isabutyraldehyde as an acceptor did proceed, albeit slowly affording 6% of the aldol 
product (entry 2) and the combination of 2-octanone and 4-nitrobenzaldehyde 
afforded a similarly low level of conversion (entry 3). In the latter two cases, the 
enantioselectivity could not be determined due to problematic product purification, 
and therefore, chiral HPLC resolution. 
Table 19. Conversions and e.e.s for the (S)-268a catalysed aldol reaction in DMSO. 
0 (S)-268a (20 mol%) OH 0 0 + 
R1VR4 R)lH RyJl Et3N (20 mol%) R4 DMSO 
R3 rt R2 R3 
48 h 
Entry Product Conversion a e.e. (%) Conversion 
(%} enonea (%} 
OH 0 7 38 17 ~ .& 
2 OH 0 6 c 0 
#" 02N 
3 OH 0 5 c 0 
•Determined by 1H NMR. 6Determined by chiral HPLC. "Not determined. 
Although catalysis of the aldol reaction between 4-nitrobenzaldehyde and acetone 
proceeds well, amino-boronic acid (S)-268a shows limited substrate scope. The use of 
small3-carbon donors (acetone or hydroxyacetone) leads to comparable reaction rates 
to L-proline even with less activated acceptors than 4-nitrobenzaldehyde, and this 
suggests enamine activation does occur. However, the lower enantioselectivities 
obtained with (S)-268a indicates that some product formation is occurring via 
enamine activation only, with no boronic acid participation. The use of larger donors 
appears to switch off enamine activation as well, leading to no product formation. 
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4.5 Summary and conclusions 
In summary, (S)-268a has been synthesised in good yield and high enantioselectivity. 
It has been demonstrated as a catalyst for the direct aldol reaction, although with 
limited substrate scope at present. In the reaction between 4-nitrobenzaldehyde and 
acetone, (S)-268a catalyses the reaction at a comparable rate to L-proline and DMSO 
is preferred for higher enantioselectivities. The fact that asymmetric induction is 
observed confirms a bifunctional mode of action with both enamine activation and 
Lewis acid activation by boron. The solution behaviour of (S)-268a at different pH's 
has also been examined, allowing the pKa's for boron quarternerisation and 
ammonium deprotonation to be determined and assigned. 
4.6 Future work 
Although the use of amino-boronic acid (S)-268a has demonstrated that a boronic acid 
moiety can participate in the aldol reaction, which in conjunction with enamine 
activation can lead to asymmetric induction, the enantioselectivities obtained range 
from moderate to poor. In addition, (S)-268a does not solve the problems associated 
with proline catalysis. This includes the use of high catalyst loadings and highly polar 
solvents. In order to address these issues, further amino-boronic acids need to be 
synthesised and screened on reactions proceeding via enamine/iminium ion catalysis, 
with the structures 285-287 providing a good starting point. For example, the 
addition of a phenyl ring and in particular, an aryl boronic acid as in 285, would serve 
to both adjust the B-N distance and increase the Lewis acidity of the boronic acid. 
The addition of another group to the pyrrolidine ring, as in 286, could help to improve 
levels of enantioselectivity, as could the screening of boronate esters 287. Boronate 
esters have the advantage of being easier to handle versus the free boronic acids. 
They also display increased Lewis acidity along with steric hindrance, and chiral 
esters can be employed if desired. 
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5. Experimental 
General experimental information 
Glassware was oven dried (130 °C)Das required and cooled under a positive pressure 
D of argon. Dry solvents were prepared using the Innovative Technology Inc. solvent 
purification system and analysed with Metrohm 831 KF coulometer. All other 
Dmaterials were purchased directly from standard chemical suppliers (Aldrich, Acros, 
Fluka, Frontier) and used without further purification, unless stated otherwise. TLC 
was performed on plastic backed Dsilica gel plates with visualisation achievedDusing 
a UV lamp, or by staining with KMn04 or PMA. Drying was carried out over 
anhydrous MgS04, followed by filtration. Evaporations were carried out at 20 mmHg 
using a rotary evaporator and water bath, followed by evaporation to dryness under 
vacuum ( <2 mmHg). Purification by medium pressure column chromatography was 
performed using silica gel 35-70 J.lm. Melting points were determined using an 
electrothermal melting point apparatus and are reported uncorrected. All 1H and 13C 
NMR were recorded with either a Varian Mercury-400, Bruker Avance-400 or Varian 
Inova-500 spectrometers. 11 B NMR were recorded with Bruker Avance-400 or Varian 
Inova-500 spectrometers. 19F NMR were recorded with Varian Mercury-400 or Inova-
500 spectrometers. Chemical shifts are expressed as parts per million (ppm) 
downfield from the internal standard TMS for proton and carbon, external BF3.Et20 
for 11 B and CFCh for 19F. Elemental analysis was performed using an Exeter 
Analytical E-440 Elemental Analyser. EI mass spectrometry was performed on a 
Micromass Auto spec, Finnigan MAT 900XL T or Finnigan MAT 95XP with 
electrospray methods, both +ve and -ve, conducted on a VG platform. IR spectra 
were recorded with a Perkin-Elmer 1615 FTIR or 298 FTIR spectrometer. Molecular 
sieves were activated by heating to 450°C. Optical rotations, [a] 0 values, are given in 
deg cm-2 g-1 and recorded at the D line of Sodium (589 nm). Chiral HPLC analyses 
were performed on a Gilson HPLC system equipped with a Gilson 321 pump, a 
Gilson 234 autoinjector, two Gilson valvemates, a Metachem Technologies Degassit 
degasser, a Gilson UV-Vis detector 118 using the appropriate chiral column. 
Conversion vs. time data for catalyst screenings was obtained using a Gilson 215 
Synthesis Workstation equipped with ReactArray racks and heating block, carried out 
using ReactArrray Control Software (version 3,0,0,3048) and HPLC data analysed 
either directly using Gilson Unipoint (version 5.11) or using ReactArray 
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DataManager (version 1,1,33,0). HPLC conditions were under Gilson Unipoint 
(version 5.11) control and injections carried out in conjunction with ReactArray 
DataManager. The HPLC system consisted of Gilson 322 Pump, Gilson 402 Syringe 
Pump, Agilent 1100 Series UV Diode Array Detector and Phenomenex Gemini C 18 5 
J..tm, 150 mm x 4.60 mm column. Design of Experiments was carried out on a Gilson 
SK233 with Reactivate heating block, using ReactArray software (version 2.00). The 
HPLC system (Agilent 1100 series) consisted of a G1322A degasser, G1312A binary 
pump, G 1316A column compartment, variable wavelength detector (254 nm) and 
Phenomenex Gemini C18 5 J..tm, 150 mm x 4.60 mm column with HPLC injections 
controlled by Waters Empower (Build 1154). Design of Experiments setup and 
analysis was carried out using Design-Expert (Version 7.0.0), Stat-Ease Inc. 
General procedure for isolation of amides (fluorobenzene) 
A 2-necked round-bottomed flask was equipped with stirrer bar, pressure equalising 
dropping funnel (in vertical neck) with a soxhlet thimble containing CaH2 ( -1 g) 
inside, followed by a condenser. The appropriate carboxylic acid (5 mmol), followed 
by fluorobenzene (50 rnL), and amine (5 mmol) were added, followed by catalyst 80a 
(117.6 mg, 0.5 mmol, 10 mol%). The mixture was allowed to stir at reflux for 24 h, 
before being concentrated in vacuo. The residue was then redissolved in DCM (25 
rnL), washed with brine (25 rnL), 5% (w/v) HCl (25 rnL), brine (25 mL), 5% (w/v) 
NaOH (25 rnL), brine (25 rnL), dried over MgS04, and the solvent evaporated in 
vacuo. 
N-Benzyl-4-phenylbutyramide 93a: 17 
0 
Ph~N~Ph 
H 
Yield: (0.86 g, 68%) as a white solid; HPLC (gradient MeCN (0.05% TFA) I water 
(0.05% TFA) 0:100 to 100:0 over 15 minutes; 1 rnL min·', tr = 10.28 min); mp 83-84 
oc; Vmax (film)/cm·' 3288, 2921, 1643s, 1547s, 1215, 696s, 494; OH (400 MHz; 
CDCh) 1.92-2.02 (2H, m, CH2), 2.19 (2H, t, J 6.9, CH2), 2.64 (2H, t, J 7.5, CH2), 
4.40 (2H, d, J 5.7, CH2), 5.87 (1H, br s, CONH), 7.13-7.35 (m, 10 H, ArH). 
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N-4-Phenylbutyl-4-phenylbutyramide 93b: 
0 
Ph~N~Ph 
H 
Yield: (1.03 g, 70%) as a white solid; HPLC (gradient MeCN (0.05% TFA) I water 
(0.05% TFA) 0:100 to 100:0 over 19 minutes; 1 mL min-1, tr = 14.21 min); mp 59-60 
oc; (Found: C, 81.24; H, 8.57; N, 4.69. C2oH2sNO requires C, 81.31; H, 8.53; N, 
4.74%); Vmax (film)lcm-1 3304, 2925, 2861, 1635s, 1535s, 741s and 693vs; OH (400 
MHz; CDCh) 1.47-1.56 (2H, m, CH2), 1.60-1.69 (2H, m, CH2), 1.92-2.01 (2H, m, 
CH2), 2.15 (2H, t, J 7.4, CH2), 2.64 (4H, m, 2 x ArCH2), 3.26 (2H, m, CH2N), 5.44 
(lH, br s, CONH), 7.15-7.22 (6H, m, ArH) and 7.25-7.31 (4H, m, ArH); De (100.6 
MHz; CDCh) 27.3 (Gb), 28.8 (CH2), 29.3 (CH2), 35.3 (CHz), 35.6 (CH2), 36.0 
(CHz), 39.4 (CH2), 125.9 (ArC), 126.1 (ArC), 128.45 (ArC), 128.49 (ArC), 128.51 
(ArC), 128.6 (ArC), 141.6 (ArC-CH2), 142.2 (ArC-CH2) and 172.7 (CONH); m/z (ES) 
318.3 (100%, [M+Nat), 296.3 (60, [M+Ht). 
N-Benzylbenzamide 93c: 146 
Yield: (0.53 g, 50%) as a white solid; HPLC (gradient MeCN (0.05% TFA) I water 
(0.05% TFA) 0:100 to 100:0 over 15 minutes; 1 mL min-1, tr = 9.12 min); mp 104-
1050C; DH (400 MHz; CDCh) 4.63 (2H, d, J 4.8, CH2), 6.58 (1H, br s, CONH), 7.20-
7.52 (8H, m, ArH), 7.78 (2H, d, 17.6, ArH). 
1-Morpholin-4-yl-4-phenylbutan-1-one: 
0 
Ph~Nl 
~0 
Yield: 0.78 g (67%) as a white solid. Mp 110-111°C; (Found: C, 71.91; H, 8.24; N, 
6.12. ci4HI9NOz requires C, 72.07; H, 8.21; N, 6.00%); Vmax (film)lcm-1 (inter alia) 
2856, 1647vs, 1433s and 1116s; OH (400 MHz; CDCh) 1.98 (2H, quintet, J 7.6, CH2), 
2.31 (2H, t, J 7.6, CH2), 2.68 (2H, t, J 7.6, CH2), 3.35-3.39 (2H, m, morpholino), 
3.58-3.68 (4H, m, morpholino), 7.16-7.22 (3H, m, ArH) and 7.25-7.31 (2H, m, 
ArH); De ( 100.6 MHz; CDC h) 26.7 ( CH2), 32.2 ( CH2), 35.4 ( CH2), 42.0 ( CH2N), 46.1 
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(CH2N), 66.8 (CH20), 67.1 (CH20), 126.1 (ArC), 128.5 (ArC), 128.6 (ArC), 141.7 
(ArC) and171.6 (CON); m/z (ES) 234.2 (100%, [M+Ht). 
N-(1-Phenylethyl)-4-phenylbutyramide 113a: I? 
Ph~N~Ph 
H 
Yield: (0.71 g, 53%) as a white solid; HPLC (gradient MeCN (0.05% TFA) I water 
(0.05% TFA) 0:100 to 100:0 over 15 min; 1 mL min-I; tr = 13.10 min); chiral HPLC: 
Daicel Chiralcel OD. Hexane-EtOH, 97.5:2.5, 1 mL min-I, 210 nm: tr (R) = 34.3 min; 
tr (S) = 41.5 min; 8H (400 MHz; CDCh) 1.56 (3H, J 7.2, CH3), 2.03 (2H, m, CHz), 
2.38 (2H, t, J 7.8, CH2), 2.68 (2H, t, J 7.8, CH2), 3.60 (lH, q, J 7.2, CH(CH3)), 5.65 
(1H, br s, CONH), 7.10-7.28 (10H, m, ArH). 
N-4-Phenylbutylbenzamide 93d 
0 
Ph)lN~Ph 
H 
To a stirred solution of benzoyl chloride (0.12 mL, 1 mrnol) in dry Et20 (6 mL) under 
argon at 0°C, was added triethylamine (0.21 mL, 1.5 mrnol) and 4-phenylbutylamine 
(0.16 mL, 1 mrnol). The reaction was allowed to warm tort, stirred for 2 hours and 
then quenched with 5% (wlv) HCl (5 mL). The organic layer was separated and 
washed again with 5% (wlv) HCl (5 mL), then brine (5 mL), 5% (wlv) NaOH (2 x 5 
mL), brine (5 mL), dried over MgS04, and concentrated in vacuo to afford N-4-
phenylbutylbenzamide 93d (0.25 g, 99%) as a white solid. HPLC (gradient MeCN 
(0.05% TFA) I water (0.05% TFA) 0:100 to 100:0 over 15 minutes; 1 mL min-I, tr = 
10.83 min); mp 76-77 oc; (Found: C, 80.50; H, 7.59; N, 5.44. C17H19NO requires C, 
80.60; H, 7.56; N, 5.53%); Vmax (film)lcm-I 3328, 2936, 2859, 1633s, 1521s and 
69lvs; DH (400 MHz; CDCh) 1.60-1.78 (4H, m, 2 x CH2), 2.66 (2H, t, J 7.4, 2 x 
ArCH2), 3.47 (2H, m, CH2N), 6.21 (lH, br s, CONH), 7.19 (3H, t, J 7.4, ArH), 7.28 
(2H, t, J7.6, ArH), 7.41 (2H, t, J 7.2, ArH), 7.49 (lH, t, J 7.4, ArH) and 7.75 (2H, dt, 
J 7.4 and 1.2, ArH); 8c (1 00.6 MHz; CDCh) 28.8 (CHz), 29.4 (CHz), 35.6 (CHz), 40.0 
(CHzN), 126.0 (ArC), 126.9 (ArC), 128.47 (ArC), 128.54 (ArC), 128.7 (ArC), 131.5 
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(ArC), 134.8 (ArC-CH2), 142.2 (ArC-CONH) and 167.7 (CONH); m/z (ES) 276.5 
(100%, [M+Ht). 
General procedure for isolation of amides (toluene) 
The appropriate carboxylic acid (5 rnmol), followed by toluene (50 mL), and amine (5 
mmol) were added, followed by catalyst 80a (11.8 mg, 0.05 mmol). The mixture was 
allowed to stir at reflux for 22 h, before being concentrated in vacuo. The residue was 
then redissolved in Et20 (25 mL), washed with brine (25 mL), 5% (w/v) HCl (25 
mL), brine (25 mL), 5% (w/v) NaOH (25 mL), brine (25 mL), dried over MgS04, and 
the solvent evaporated in vacuo. 
4-Pheny/butyrani/ide: 11 a 
0 
Ph~N..-Ph 
H 
Yield: (0.55 g, 46%) as an off-white solid; 8H (400 MHz; CDCh) 1.98-2.08 (2H, m, 
CH2), 2.38 (2H, t, J7.7, CH2), 2.75 (2H, t, J7.4, CH2), 5.87 (lH, br s, CONH), 7.12-
7.35 (8H, m, ArH), 7.50 (2H, d, J8.0, ArH). 
(S)-N-Benzylmandelamide: Ita 
Yield: (0.13 g, 11 %) obtained as a white solid. In the absence of catalyst 80a, (S)-N-
benzylmandelamide (0.11 g, 7.5%) was obtained as a white solid; 8H (400 MHz; 
CDCh) 3.50 (1H, d J 3.3, CHOH), 4.43 (1H, dd, J 6.2 and 14.2, PhCHH), 4.49 (lH, 
dd, J 6.2 and 14.2, PhCHH), 6.32 (lH, br s, CONH), 7.12-7.48 (lOH, m, ArH). 
General procedure for monitoring direct amide formation over time using Gilson 
215 Synthesis Workstation 
The appropriate catalyst (0.233 rnrnol, 10 mol %) was manually weighed into each 
reaction vessel, followed by assembly of a micro-soxhlet apparatus loaded with 
activated 3A molecular sieves under argon. Solid reagents were added using the 
ReactArray as standard solutions (0.5 Min fluorobenzene). Naphthalene (0.35 rnrnol, 
120 
15 mol %) and amine (2.33 mmol) were added to the reaction vessels at ambient 
temperature. The appropriate amount of fluorobenzene was then added to each 
reaction vessel in order to give a final reaction volume of 10 mL. After heating to 
reflux, carboxylic acid (2.33 mmol) was added to the stirred solution. Reactions were 
sampled (50 11L) at 2 or 4 h intervals (24 or 48 h reaction time respectively). Samples 
were quenched with MeCN (950 11L), diluted once (50 11L in 950 11L MeCN) mixed 
and analysed by HPLC (gradient MeCN (0.05% TFA) I water (0.05% TFA) 0:100 to 
100:0 over 15 or 19 minutes; 1 mL min-1). Naphthalene was used as an internal 
standard, with response factors calculated automatically by ReactArray DataManager. 
General procedure for catalyst stability testing in the presence of carboxylic acid 
A 2-necked round-bottomed flask was equipped with stirrer bar, pressure equalising 
dropping funnel (in vertical neck) containing a soxhlet thimble loaded with CaH2 ( -1 
g), surmounted by a condenser. The appropriate carboxylic acid (5 mmol), 
fluorobenzene (50 mL) and catalyst (0.5 mmol, 10 mol%) were added. The mixture 
was allowed to stir for 1 hat ambient temperature and a sample (1 mL) was taken via 
syringe. The mixture was then allowed to reflux for 24 h, with further samples (1 
mL) taken at 1, 2, 4, and 24 h intervals. Samples were concentrated in vacuo, 
redissolved in CDCh and submitted for 1H and 11 B NMR. Following a D20 shake, 
samples were resubmitted for 1H and 11 B NMR. 
Procedure for detection of reaction intermediates 
4-Phenylbutyric acid (164 mg, 1 mmol) and catalyst 80a (118 mg, 0.5 mmol) were 
weighed into a ReactArray reaction vessel, followed by assembly of a micro-soxhlet 
apparatus loaded with activated 3A molecular sieves under argon. C6D6 (10 mL) was 
added and the mixture was stirred at reflux for 6 h before two samples (1 mL) were 
taken. Sample 1 was analysed by NMR. Sample 2 was concentrated in vacuo and the 
residue analysed by IR and MS. 
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General procedure for use of ReactArray workstation - effects of solvent and 
dehydration on formation of N-benzylbenzamide 93c using Gilson 215 Synthesis 
Workstation 
Catalyst 80a (54.9 mg, 0.233 mmol or 5.5 mg, 0.0233 mmol) was manually weighed 
into each reaction vessel, followed by benzoic acid (0.285 g, 2.33 mmol). A micro-
soxhlet apparatus loaded with activated 3A molecular sieves under argon was 
assembled, in cases where dehydration was required. Naphthalene (700 )lL, 0.5M in 
PhF, 0.35 mmol, 15 mol%) and benzylamine (255 )lL, 2.33 mmol) were added to the 
reaction vessels at ambient temperature. The appropriate amount of solvent 
(fluorobenzene, toluene, propionitrile or water) was then added to each reaction vessel 
in order to give a fmal reaction volume of 10 mL. Reactions were sampled (50 )lL) at 
4 h intervals over 48 h. Samples were quenched with MeCN (950 )lL), diluted once 
(50 )lL in 950 )lL MeCN) mixed and analysed by HPLC (gradient MeCN (0.05% 
TFA) I water (0.05% TFA) 0:100 to 100:0 over 15 minutes; 1 mL min-1; tr = 9.12 
min). Naphthalene was used as an internal standard, with response factors calculated 
automatically by ReactArray DataManager. 
General procedure for Design of Experiments on formation of N-
benzylbenzamide 93c using Gilson SK233 
Benzoic acid (1, 3 or 5 mmol) was weighed into ReactArray tubes to gtve the 
appropriate reaction concentration (0.1, 0.3 or 0.5 M) followed by catalyst 80a (1, 5.5 
or 10 mol%). A ReactArray azeotroping condenser set was assembled, naphthalene 
(25 mol%) was added as a 0.5 M standard solution, followed by fluorobenzene or 
toluene to give a fmal reaction volume of 10.6 mL. The mixture was heated to reflux 
under nitrogen and benzylamine (1, 3 or 5 mmol) was added. The reaction was stirred 
at reflux with sampling at 4 h intervals. Samples were subjected to the following 
quench/ dilution proto co Is: 
• 0.1M: 90 )lL into 910 )lL MeCN 
• 0.3 M: 50 )lL into 1650 )lL MeCN 
• 0.5 M: 100 )lL into 900 )lL MeCN, 176 )lL into 824 )lL MeCN 
Samples were mixed and analysed by HPLC (gradient MeCN (0.05% TF A) I water 
(0.05% TFA) 0:100 to 100:0 over 15 min; 1 mL min-1; tr = 9.12 min). Naphthalene 
was used as an internal standard. 
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General procedure for isolation of amides following Design of Experiments using 
Gilson SK233 
The appropriate carboxylic acid (1 mmol) and catalyst 80a (23.5 mg, 0.1 mmol or 
11.8 mg, 0.05 mmol) were weighed into ReactArray tubes followed by attachment of 
a ReactArray azeotroping condenser set. The appropriate amount of toluene was 
added to give a fmal reaction volume of 10 mL and the mixture heated to reflux under 
nitrogen. The appropriate amine (1 mmol) was added and the mixture stirred at reflux 
for 24 or 30 h, before being concentrated under vacuum. The residue was then 
redissolved in MTBE (10 mL), washed with 5% (w/v) HCl (10 mL), brine (10 mL), 
5% (w/v) NaOH (10 mL), brine (10 mL), dried over MgS04, and the solvent 
evaporated under vacuum. 
Morpholin-4-yl-phenylmethanone: 147 
Yield: 0.04 g (21%), as a pale yellow solid; 8H (400 MHz; CDCh) 3.35-3.39 (2H, br 
m, morpholino), 3.58-3.68 (6H, br m, morpholino), 7.32-7.50 (5H, m, ArH). 
N-(1-Phenylethyl)benzamide 113b: 148 
Yield: 0.16 g (71 %), as a white solid. HPLC (MeCN (0.05% TFA) I water (0.05% 
TFA) 65:35 for 8 min; 1 mL min-1; tr = 2.94 min); chiral HPLC: Daicel Chiralcel OD. 
Hexane-EtOH, 90:10,0.75 mL min-1, 210 nm: tr(R) = 11.9 min; tr (S) = 14.2 min; mp 
120-121°C; 8H (400 MHz; CDCh) 1.60 (3H, d, J 7.1, CH(CH3)), 5.33 (lH, q, J 7.2, 
1H, CH(CH3)), 6.40 (lH, br s, CONH), 7.19-7.50 (8H, m, ArH), 7.75 (2H, d, J 7.2, 
ArH). 
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N-Benzylpivalamide: 17 
Yield: 0.11 g (59%), as a white solid; mp 85-86°C; OH ( 400 MHz; CDC h) 1.23 (9H, s, 
t-Bu), 4.44 (2H, d, J 5.4, PhCH2), 5.93 (lH, br s, CONH), 7.25-7.37 (5H, m, ArH). 
Butyl4-phenylbutyrate113 
In jluorobenzene: 
Ph~0'su 
0 
A 2-necked round-bottomed flask was equipped with stirrer bar, pressure equalising 
dropping funnel (in vertical neck) with a soxhlet thimble containing CaH2 ( -1 g) 
inside, followed by a condenser. 4-Phenylbutyric acid (0.821 g, 5 mmol), 
fluorobenzene (50 mL), and 1-butanol (0.46 mL, 5 mmol) were added, followed by 
catalyst 80a (117.6 mg, 0.5 mmol). The mixture was allowed to stir at reflux for 24 h, 
before being concentrated in vacuo. The residue was then redissolved in Et20 (10 
mL), washed with 5% (w/v) HCl (10 mL), brine (10 mL), 5% (w/v) NaOH (10 mL), 
brine (10 mL), dried over MgS04, and the solvent evaporated in vacuo to afford butyl 
4-phenylbutyrate (0.06 g, 5%) as a colourless oil; OH (400 MHz; CDCh) 0.88 (3H, t, J 
7.3, CH3), 1.28-1.35 (2H, m, CH2), 1.48-1.58 (2H, m, CH2), 1.84-1.92 (2H, m, CH2), 
1.96-2.06 (2H, m, CH2), 2.25 (2H, t, J 7.4, CH2), 2.58 (2H, t, J 7.4, CH2), 7.10-7.26 
(5H, m, ArH). 
In the absence of solvent: 
4-Phenylbutyric acid (0.821g, 5 mmol), 1-butanol (2.5 mL, 27.3 mmol) and catalyst 
80a (11.8 mg, 0.05 mmol) were heated at reflux for 24 h. EhO (20 mL) was added 
and the organic layer washed with 5% (w/v) NaOH (25 mL), brine (25 mL), 5% (w/v) 
HCl (25 mL), brine (25 mL), dried over MgS04, and concentrated in vacuo to afford 
butyl 4-phenylbutyrate (0. 79 g, 72%) as a colourless oil. In the absence of SO a, butyl 
4-phenylbutyrate (0.55 g, 50%) was obtained as a colourless oil. 
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N-Benzylmethylcarbamate 149 
0 
MeO )l N /"--..Ph 
H 
A stirred mixture of dimethyl carbonate (0.42 mL, 5 mmol) and benzylamine (0.55 
mL, 5 mmol or 1.10 mL, 10 mmol) was heated at reflux for 21 h. The mixture was 
cooled tort, Et20 (10 mL) added, washed 5% (w/v) HCl (10 mL), then brine (10 mL), 
dried over MgS04, and concentrated in vacuo to afford N-benzylmethylcarbamate 
(0.21 g, 25%) as a pale yellow solid; OH (400 MHz; CDCh) 3.63 (3H, s, OCH3), 4.31 
(2H, d, J 6.0, PhCH2), 5.44 (lH, br s, CONH), 7.24-7.31 (5H, m, ArH). 
General procedure for effect of additives on formation of N-benzylbenzamide 
93c using Gilson SK233 
Benzoic acid (0.37 g, 3 mmol) was weighed into ReactArray tubes followed by 
catalyst 80a (1, 5.5 or 10 mol%). A ReactArray azeotroping condenser set was 
assembled and naphthalene (96.1 mg, 0.75 mmol, 25 mol%) was added as a 0.5 M 
standard solution. Either water (1.6 mL) or trichloroacetic acid (53.9 mg, 0.33 mmol, 
11 mol%) was then added, followed by fluorobenzene or toluene to give a final 
reaction volume of 10.6 mL. The mixture was heated to reflux under nitrogen and 
benzylamine (328 j..tL, 3 mmol) was added. Reactions were sampled (50 j..tL) at 2 or 4 
h intervals (24 or 48 h reaction time respectively). Samples were quenched with 
MeCN (1650 j..tL), mixed and analysed by HPLC (gradient MeCN (0.05% TFA) I 
water (0.05% TFA) 0:100 to 100:0 over 15 min; 1 mL min-1; tr = 9.12 min). 
Naphthalene was used as an internal standard. 
N,N-Diisopropyl-3-fluorobenzamide 1 02a 
To a stirred solution of3-fluorobenzoyl chloride (2.68 g, 16.9 mmol) in dry Et20 (40 
mL) under argon at 0°C, was added dry diisopropylamine (6.0 mL, 42 mmol) 
dropwise. The reaction was allowed to warm to rt, stirred for 18 hours and then 
quenched with 5% (w/v) HCl (25 mL). The organic layer was separated and washed 
again with 5% (w/v) HCl (2 x 25 mL), then brine (25 mL), 5% (w/v) NaOH (2 x 25 
mL), brine (25 mL), dried over MgS04, and concentrated in vacuo to afford amide 
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102a (3.40 g, 90%) as a white solid. Mp 74-76 °C; (Found: C, 69.73; H, 8.07; N, 6.10. 
C13H1sNOF requires C, 69.93; H, 8.13; N, 6.27%); Amax(MeCN)/nm 200 (E/dm3 mor1 
cm·1 12400) and 267 (1400); Vmax (film)/cm·1 (inter alia) 3072, 2971, 1629s, 1583, 
1437, 1344s and 1140; DH (500 MHz; CDCh) 1.17 (6H, br s, (CH3)2CH), 1.54 (6H, br 
s, (CH3)2CH), 3.55 (lH, br s, (CH3)2CH), 3.81 (lH, br s, (CH3) 2CH), 7.01-7.11 (3H, 
m, ArH) and 7.37 (lH, td, JHH 8.0 and JFH 5.5, ArH); De (100.6 MHz; CDCh) 20.9 (br 
s, (CH3)2CH), 46.2 (br s, (CH3)2CH), 51.1 (br s, (CH3)2CH), 113.2 (d, 2lre 22, ArC), 
115.9 (d, 2lre 21, ArC), 121.5 (d, 41re 3, ArC), 130.5 (d, 3lre 8, ArC), 141.1 (d, 3lre 
. I 4 . 
7, ArC-CON1Pr2), 162.9 (d, Ire 247, ArC-F) and 169.7 (d, Ire 2, CON1Prz); Dr 
(376.3 MHz; CDCh) -112.5 (m); m/z (ES) 246.1260 (100%, [M+Na( 
[C19H13NOFNat requires 246.1265). 
N,N-Diisopropyl-3-fluoro-2-( 4,4,5,5-tetramethyl-[ 1 ,3,2] dioxaborolan-2-yl)-
benzamide 1 03a 
To a stirred solution of N,N-diisapropyl-3-fluorobenzamide 102a (5.0 g, 22.4 mmol) 
and TMEDA (4.0 mL, 26.9 mmol) in dry THF (50 mL) under argon at -78°C, was 
added n-BuLi (16.8 mL, 1.6 M, 26.9 mmol) dropwise over 10 min. The mixture was 
left to stir for 1 h and then trimethyl borate (3.0 mL, 26.9 mmol) was added rapidly. 
The mixture was allowed to reach rt (2 h) and then quenched with 20% (w/v) HCI (10 
mL), followed by addition ofpinacol (3.2 g, 26.9 mmol). The mixture was extracted 
into ether (3 x 20 mL) and the combined organic extracts washed with sat. aq. 
NaHC03 (3 x 20 mL) and brine (2 x 20 mL). The extracts were dried over MgS04 
and concentrated in vacuo. Column chromatography on silica gel (hexane:EtOAc, 
2:1) afforded pinacol boronate 103a (5.16 g, 66%) as a white crystalline solid. Mp 
104-106 oc; (Found: C, 65.41; H, 8.46; N, 3.99. C19H29BFN03 requires C, 65.34; H, 
8.37; N, 4.01%); Amax(MeCN)/nm 197 (c/dm3 mor1 cm·1 28100), 242 (3320) and 271 
(1220); Vmax (film)/cm·1 (inter alia) 2973, 2930, 2361, 1617s, 1439, 1335vs and 1144s; 
DH (500 MHz; CDCh) 1.19 (6H, br s, (CH3)2CH), 1.33 (12H, s, 4 x Me), 1.54 (6H, br 
s, (CH3)2CH), 3.54 (lH, br s, (CH3)2CH), 3.98 (IH, br s, (CH3)2CH), 6.98-7.04 (2H, 
m, ArH) and 7.32 (lH, td, lHH 8.0 and lrH 5.5, ArH); Be (125.7 MHz; CDCh) 20.6 (br 
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s, (CH3)2CH), 25.0 (pinacol CH3), 46.6 (br s, (CH3)2CH), 51.2 (br s, (CH3)2CH), 83.6 
(pinacol C-0), 116.0 (d, 2JFe 25, ArC), 120.8 (d, 4he 4, ArC), 131.5 (d, 3he 9, ArC), 
3 . I 4 144.9 (d, he 9, ArC-CON1Pr2), 166.3 (d, JFe 249, ArC-F) and 170.3 (d, he 3, 
CONiPr2); 88 (128.4 MHz; CDCh) 26.9; 8F (376.3 MHz; CDCb) -103.2 (s); m/z (ES) 
721.4 (60%), 699.5 (25), 372.2 (100, [M+Nat), 350.2295 (48, [M+Ht. 
[C19H3oBFN03f" requires 350.2297). 
N,N-Diisopropyl-3-fluorobenzylamine-2-boronic acid 1 04a 
To a stirred solution ofpinacol boronate 103a (5.16 g, 14.8 mmol) and NaBH4 (5.6 g, 
148 mmol) in dry THF (70 mL) under argon was added TMSCl (37.6 mL, 296 mmol) 
and the mixture stirred at reflux for 20 h. The reaction was quenched by slow 
addition of 5% (w/v) HCl then 20% (w/v) HCl taking the aqueous layer to pH 1, and 
washed with Et20 (1 x 50 mL, 3 x 100 mL). Sat. aq. NaHC03 was added to the 
aqueous phase, until it reached pH 7 and the mixture was extracted into Et20 (3 x 1 00 
mL). Organic extracts were combined and washed with brine (2 x 100 mL), dried 
over MgS04 and concentrated in vacuo. Recrystallisation from DCM-hexane 
afforded boronic acid 104a (2.71 g, 72%) as a white solid. Slow crystallisation from 
MeCN provided crystals suitable for single crystal X-ray analysis (see Appendix). 
Mp 110-111 oc; (Found: C, 61.53; H, 8.41; N, 5.30. C13H29BFN02 requires C, 61.69; 
H, 8.36; N, 5.53%); Amax(MeCN)/nm 194 (~::/dm3 mor1 cm·1 10000), 216 (6970) and 
272 (1280); Vmax (film)/cm·1 (inter alia) 3307, 2971, 2539, 1604, 1565, 1450s, 1385vs 
and 1144s; 8H (500 MHz; CDCb) 1.10 (12H, d, J7.0, (CH1)2CH), 3.08 (2H, septet, J 
7.0, (CH3)2CH), 3.82 (2H, s, ArCH2), 6.97-7.03 (1H, m, ArH), 7.07 (1H, d, J 7.5, 
ArH), 7.30 (lH, td, JHH 7.5 and JFH 6.5, ArH) and 9.27 (2H, br s, B(OH)2); 8e (125.7 
MHz; CDCb) 19.9 ((CH3)2CH), 47.7 ((CH3)2CH), 52.0 (d, 4he 2, ArCH2), 115.4 (d, 
2JFe 28, ArC), 127.7 (d, 4JFe 2, ArC), 131.7 (d, 3JFe 11, ArC), 144.7 (d, 3he 8, 
ArCCH2NiPr2) and 168.0 (d, 3JFe 244, ArC-F); 88 (128.4 MHz; CDCh) 28.4; 8F 
(376.3 MHz; CDCh) -104.5 (m); m/z (ES) 254.1722 (100%, [M+H]'. 
[C13H22BFN02t requires 254.1728). 
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N,N-Diisopropyl-3-methoxybenzamide 102b 
OMe 
CLCON'P,, 
To a stirred solution of m-anisoyl chloride (0.82 mL, 6 mmol) in dry Et20 (25 mL) 
under argon at 0°C, was added dry diisapropylamine (2.1 mL, 15 mmol) dropwise. 
The reaction was allowed to warm to rt, stirred for 3 h and then quenched with 5% 
(w/v) HCl (25 mL). The organic layer was separated and washed again with 5% 
(w/v) HCl (2 x 25 mL), brine (25 mL), 5% (w/v) NaOH (2 x 25 mL), brine (25 mL), 
dried over MgS04, and concentrated in vacuo to afford amide 102b (1.38 g, 98%) as a 
white solid. Mp 92-93 oc; (Found: C, 71.45; H, 9.07; N, 5.81. Ct4H21 N02 requires C, 
71.46; H, 8.99; N, 5.95%); Amax(MeCN)/nm 200 (Eidm3 mor1 cm-1 21300) and 280 
(2290); Vmax (film)/cm-1 (inter alia) 3090, 2974, 1621 vs, 1578, 1340vs, 1293 and 1032; 
()H (500 MHz; CDCh) 1.16 (6H, br s, (CH3)2CH), 1.54 (6H, br s, (CH3)2CH), 3.53 
(1H, br s, (CH3)2CH), 3.83 (3H, s, OCH3), 3.86 (lH, br s, (CH3)2CH), 6.86 (1H, s, 
ArH), 6.89 (1H, d, J 8.0, ArH), 6.91 (1H, d, J 8.0, ArH) and 7.61 (1H, t, J 8.0, ArH); 
be (125.7 MHz; CDCh) 20.8 ((CI--b)2CH), 46.0 (br s (CH3)2CH), 51.0 (br s, 
(CH3)2CH), 55.4 (OCH3), 111.1 (ArC), 114.7 (ArC), 117.8 (ArC), 129.7 (ArC), 140.3 
(ArC-OMe), 159.7 (ArC-CONiPr2)) and 170.9 (CONiPr2); m/z (ES) 236.1646 (100%, 
[M+Ht. [C14HnN02t requires 236.1645). 
N,N-Diisopropyl-3-methoxy-2-(4,4,5,5-tetramethyl-[l,3,2]dioxaborolan-2-yl)-
benzamide 103b 
To a stirred solution of N,N-diisapropyl-3-methoxybenzamide 103a (1.75 g, 7.44 
mmol) and TMEDA (1.56 mL, 10.4 mmol) in dry THF (25 mL) under argon at -78°C, 
was added s-BuLi (7.44 mL, 1.4 M, 10.4 mmol) dropwise over 10 minutes. The 
mixture was left to stir for 90 min and then triisapropyl borate ( 1. 89 mL, 8.18 mmo 1) 
was added rapidly. The mixture was allowed to reach rt overnight (19 h) and then 
quenched with 20% (w/v) HCI (6 mL), followed by addition ofpinacol (0.97 g, 8.18 
mmol). The mixture was allowed to stir for 10 min before being extracted into ether 
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(3 x 20 mL) and the organic extracts washed with sat. aq. NaHC03 (3 x 10 mL), and 
brine (20 mL). The combined organic extracts were dried over MgS04 and 
concentrated in vacuo. Column chromatography on silica gel (hexane:EtOAc, 1: 1) 
afforded pinacol boronate 103b (2.05 g, 76%) as a white solid. Mp 90-91 °C; (Found: 
C, 66.22; H, 8.98; N, 3.82. C2oH32BN04 requires C, 66.49; H, 8.93; N, 3.88%); Vmax 
(film)/cm-1 (inter alia) 2973, 1615s, 1431, 1335vs and 1146; 8H (500 MHz; CDCh) 
1.19 (6H, br s, (CH3)2CH), 1.35 (12H, s, 4 x Me), 1.54 (6H, br s, (CH3)2CH), 3.50 
(lH, br s, (CH3)2CH), 3.81 (3H, s, OMe), 4.00 (lH, br s, (CH3)2CH), 6.82 (2H, d, J 
8.0, ArH) and 7.28 (lH, t, J8.0, ArH); 8c (125.7 MHz; CDCh) 20.7 (br s, (C1-b)2CH), 
25.0 (pinacol CH3), 46.3 (br s, (CH3)2CH), 51.0 (br s, (CH3)2CH), 55.8 (OMe), 83.5 
(pinacol C-0), 110.7 (ArC), 117.3 (ArC), 130.3 (ArC), 144.0 (ArC-CONiPr2), 163.4 
(ArC-OMe) and 171.4 (CONiPr2); 88 (128.4 MHz; CDCh) 29.0; m/z (ES) 362.2497 
(100%, [M+Ht. [C2oH33BN04t requires 362.2497). 
N,N-Diisopropyl-3-methoxybenzylamine-2-boronic acid 104b 
To a stirred solution of pinacol boronate 103b (0.99 g, 2. 74 mmol) and NaBH4 ( 1.04 
g, 27.4 mmol) in dry THF (50 mL) under argon was added TMSCl (6.95 mL, 54.8 
mmol) and the mixture stirred at reflux for 21 h. The reaction was quenched by slow 
addition of 5% (w/v) HCl (7 mL) and the THF was removed in vacuo. A further 
portion of5% (w/v) HCl (15 mL) was added (aqueous layer to pH 1) and the mixture 
washed with EhO (1 x 25 mL, 2 x 15 mL). The Et20 extracts were extracted into 5% 
(w/v) HCl (5 mL) and the combined aqueous phase washed with Et20 (2 x 10 mL). 
The combined aqueous phase was neutralised with NaOH (s) then 20% (w/v) NaOH 
until no further precipitation of white solid was observed (pH 9). The mixture was 
extracted into DCM (3 x 15 mL ), organic extracts were combined, washed with brine 
(15 mL), dried over MgS04 and concentrated in vacuo. Recrystallisation from hexane 
afforded boronic acid 104b (0.36 g, 50%) as a white solid. Mp 164-165 oc; (Found: 
C, 63.82; H, 9.04; N, 5.16. C14H24BN03 requires C, 63.42; H, 9.12; N, 5.28%); Vmax 
(KBr)/cm-1 (inter alia) 3414, 2965, 1597s, 1466s, 1249s and 1084; 8H (400 MHz; 
CDCh) 1.11 (12H, d, J 6.8, (CH3)2CH), 3.10 (2H, septet, J 6.8, (CH3)2CH), 3.80 (2H, 
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s, ArCH2), 3.89 (3H, s, OMe), 6.90 (lH, d, J 8.0, ArH), 6.93 (lH, d, 17.6, ArH), 7.31 
(lH, dd, J 8.4 and 7.6, ArH) and 9.75 (2H, br s, B(OH)2); oc (100.6 MHz; 
CDCh) 19.9 ((CH3)2CH), 47.5 ((CH3)2CH), 52.4 (ArCH2), 56.0 (OMe), 110.5 (ArC), 
125.6 (ArC), 131.2 (ArC), 144.8 (ArC) and 164.8 (ArC-OMe); 58 (128.4 MHz; 
CDCh) 29.3; m/z (ES) 266.1923 (100%, [M+Ht. [C14H2sBN03t requires 266.1922). 
N,N-Diisopropyl-3-nitrobenzamide 1 02c 
To a stirred solution of 3-nitrobenzoyl chloride (1.41 g, 6.71 mmol) in dry EhO (25 
mL) under argon at 0°C, was added dry diisopropylamine (2.7 mL, 19 mmol). The 
reaction was allowed to warm tort, stirred for 18 hand then quenched with 5% (w/v) 
HCl (25 mL). The organic layer was separated and washed again with 5% (w/v) HCl 
(2 x 25 mL), then brine (25 mL), 5% (w/v) NaOH (2 x 25 mL), brine (25 mL), dried 
over MgS04, and concentrated in vacuo to afford amide 102c (1.66 g, 87%) as a white 
solid. Mp 78-79 oc; (Found: C, 62.34; H, 7.27; N, 11.18. C13H1sN203 requires C, 
62.38; H, 7.25; N, 11.19%); Amax(MeCN)/nm 194 (E/dm3 mor1 cm-1 24000) and 252 
(6960); Vmax (film)/cm-1 2930, 1625, 1527, 1438, 1334 and 1153; OH (500 MHz; 
CDCh) 1.21 (6H, br s, (CH1)2CH), 1.56 (6H, br s, (CH1)2CH), 3.52 (lH, br s, 
(CH3)2CH), 3.55 (1H, br s, (CH3)2CH), 7.60 (1H, t, J 8.1, ArH), 7.67 (1H, d, J 8.1, 
ArH), 8.20 (lH, s, ArH) and 8.25 (lH, d, J 8.1, ArH); oc (125.7 MHz; 
CDCb) 20.9 (br s, (CH3)2CH), 46.5 (br s, (CH3)2CH), 51.5 (br s, (CH3)2CH), 121.2 
(ArC), 123.8 (ArC), 130.0 (ArC), 132.0 (ArC), 140.5 (ArC-CONiPr2), 148.3 (ArC-
N02) and 168.4 (CONiPr2); m/z (ES) 273.1203 (100%, [M+Nat. [C13H1sN203Nat 
requires 273.1210). 
N,N-Diisopropyl-3-trifluoromethylbenzamide 106 
To a stirred solution of 3-(trifluoromethyl)benzoyl chloride (1.78 mL, 12 mmol) in 
dry Et20 (30 mL) under argon at 0°C, was added dry diisopropylamine (4.24 mL, 30 
mmol) dropwise. The reaction was allowed to warm to rt, stirred for 2 h and then 
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quenched with 5% (w/v) HCI (25 mL). The organic layer was separated and washed 
again with 5% (w/v) HCI (25 mL), then brine (25 mL), 5% (w/v) NaOH (2 x 25 mL), 
brine (25 mL), dried over MgS04, and concentrated in vacuo to afford amide 106 
(3.23 g, 98%) as a white solid. Mp 58-59 oc; (Found: C, 61.24; H, 6.59; N, 4.96. 
C14HisF3NO requires C, 61.53; H, 6.64; N, 5.13%); Amax(MeCN)/nm 200 (c/dm3 mor1 
cm-
1 22300) and 252 (7150); Vmax (film)/cm-1 2970, 1621s, 1373, 1311s, 1162 and 
1123; bH (500 MHz; CDCh) 1.17 (6H, br s, (CH3)2CH), 1.53 (6H, br s, (CH3) 2CH), 
3.57 (lH, br s, (CH3)2CH), 3.72(1H, br s, (CH3)2CH), 7.47-7.54 (2H, m, ArH), 7.57 
(1H, s ArH) and 7.63 (lH, d, J 8.5, ArH); be (100.6 MHz; CDCh) 20.8 ((CH3)2CH), 
46.3 (br s, (CH3)2CH), 51.3 (br s, (CH3)2CH), 122.8 (q, 3Jrc 4, ArC), 123.9 (q, 1JFc 
273, CF3), 125.6 (q, 3Jrc 4, ArC), 129.1 (ArC), 129.2 (ArC), 131.1 (q, 2JFc 33, ArC-
CF3), 139.6 (ArC-CONiPr2), 169.5 (CONiPr2); 8F (376.3 MHz; CDCh) -63.2 (s); m/z 
(ES) 274.1413 (100%, [M+Ht. [C14H19F3NOt requires 274.1413). 
N,N-Diisopropyl-2-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-5-
trifluoromethyl-benzamide 107 
A 
YcoN'Pr2 
B ~ 
To a stirred solution of N,N-diisopropyl-3-trifluoromethylbenzamide 106 ( 1.01 g, 3. 70 
mmol) in dry THF (20 mL) under argon at -78°C, was added LDA (2.47 mL, 1.8 M, 
4.44 mmol) dropwise over 15 min. The mixture was left to stir for 70 min and then 
triisopropyl borate (0.94 mL, 4.07 mmol) was added rapidly. The mixture was 
allowed to reach rt overnight (17 h) and then quenched with 20% (w/v) HCI (6 mL), 
followed by addition ofpinacol (0.48 g, 4.07 mmol). The mixture was allowed to stir 
for 15 min before being extracted into ether (2 x 20 mL, I x I 0 mL) and the organic 
extracts washed with sat. aq. NaHC03 (3 x 10 mL), and brine (20 mL). The combined 
organic extracts were dried over MgS04 and concentrated in vacuo. Column 
chromatography on silica gel (hexane:EtOAc, 4:1) afforded pinacol boronate 107 
(1.40 g, 95%) as a white solid. Mp 130-131 oc; (Found: C, 60.37; H, 7.34; N, 3.38. 
C2oH29BF3N03 requires C, 60.17; H, 7.32; N, 3.51 %); Vmax (film)/cm-1 2978, 1627s, 
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1312vs, and 1132vs; oH (500 MHz; CDCh) 1.13 (6H, d, J6.5, (CH3)2CH), 1.32 (12H, 
s, 4 x Me), 1.58 (6H, d, J 6.5, (CH3)2CH), 3.53 (1H, m, (CH3)2CH), 3.63 (1H, m, 
(CH3)2CH), 7.39 (lH, s, ArH), 7.56 (1H, d, J 8.5, ArH) and 7.91 (lH, d, J 7.5, ArH); 
8c (125.7 MHz; CDCb) 20.3 ((GI3)2CH), 20.5 ((GI3)2CH), 25.0 (pinacol G-13), 46.1 
((CH3)2GI), 51.2 ((CH3)2a-I), 84.4 (pinacol C-0), 121.4 (q, 3JFc 4, ArC), 123.9 (q, 
1JFc 273, CF3), 124.1 (q, 3hc 4, ArC), 132.5 (q, 2hc 33, ArC-CF3), 136.2 (ArC), 
145.6 (ArC-CONiPr2) and 169.9 (CONiPr2); 88 (160.3 MHz; CDCb) 29.8; OF (470.3 
MHz; CDCh) -63.5 (s); m/z (ES) 400.2265 (100%, [M+Ht. [C2oH3oBF3N03t 
requires 400.2265). 
N,N-Diisopropyl-5-trifluoromethylbenzylamine-2-boronic acid 108 
To a stirred solution ofpinacol boronate 107 (1.00 g, 2.50 mmol) and NaBH4 (0.95 g, 
25.0 mmol) in dry THF (50 mL) under argon was added TMSCl (6.35 mL, 50.0 
mmol) and the mixture stirred at reflux for 21 h. The reaction was quenched by slow 
addition of 5% (w/v) HCl (7 mL) and the THF was removed in vacuo. A further 
portion of5% (w/v) HCl (5 mL) was added (aqueous layer to pH 1) and washed with 
Et20 (3 x 15 mL). The combined Et20 extracts were extracted into 5% (w/v) HCl (5 
mL) and the combined aqueous phase washed with Et20 (2 x 10 mL). The combined 
aqueous phase was neutralised to pH 7 with NaOH (s) then 20% (w/v) NaOH, and 
extracted into DCM (3 x 15 mL). The combined organic extracts were washed with 
brine (15 mL), dried over MgS04 and concentrated in vacuo. Recrystallisation from 
MeCN-H20 afforded boronic acid 108 (0.45 g, 60%) as a white crystalline solid 
(crystals suitable for single crystal X-ray analysis- see Appendix). Mp 115-116 oc; 
(Found: C, 55.22; H, 6.85; N, 4.46. C14H21 BF3N02 requires C, 55.47; H, 6.98; N, 
4.62%); Vmax (film)/cm-1 3324, 2978, 1328s, 1166s, and 1112vs; OH (400 MHz; 
CDCh) 1.14 (12H, d, J6.8, (CH3)2CH), 3.13 (2H, septet, J6.8, (CH3)2CH), 3.90 (2H, 
s, ArCH2), 7.47 (1H, s, ArH), 7.55 (lH, d, J 7.6, ArH), 8.10 (lH, d, J 8.0, ArH) and 
10.28 (2H, br s, B(OH)2); 8c (100.6 MHz; CDCh) 19.8 ((G-13)2CH), 47.9 
((CH3)2GI), 51.9 (ArG-12), 123.8 (q, 3 JFc 4, ArC), 124.2 (q, 1hc 272, CF3), 127.0 (q, 
3JFc 4, ArC), 132.0 (q, 2hc 32, ArC-CF3), 137.3 (ArC) and 143.2 (ArC); 88 (128.4 
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MHz; CDCh) 28.5; 8F (376.3 MHz; CDCh) -63.3 (s); m/z (ES) 304.2 (100%, 
[M+Ht). 
General procedure for monitoring direct amide formation over time using the 
Gilson 215 Synthesis Workstation (kinetic resolution) 
The appropriate catalyst (0.1 mmol, 10 mol%) was manually weighed into each 
reaction vessel, followed by assembly of a micro-soxhlet apparatus loaded with 
activated 3A molecular sieves under argon. Solid reagents were added using the 
ReactArray as standard solutions (0.5 M in the desired solvent). Naphthalene (0.15 
mmol, 15 mol%) and amine (1 mmol) were added to the reaction vessels at ambient 
temperature. The appropriate amount of solvent was then added to each reaction 
vessel in order to give a final reaction volume of 10 mL. After heating to reflux, 
carboxylic acid (1 mmol) was added to the stirred solution. Reactions were sampled 
(50 1-1L) at 4 h intervals (48 h reaction time respectively). Samples were quenched 
with MeCN (950 1-1L), diluted once (100 1-1L in 900 1-1L MeCN), mixed and analysed 
by HPLC. Naphthalene was used as an internal standard, with response factors 
calculated automatically by ReactArray DataManager. Samples were filtered 
through 4 em of silica in a Pasteur pipette, eluted with EtOAc (3 mL) and subjected to 
chiral HPLC. 
N-(1-N aphthylethyl)-4-phenylbutyramide 113c 
Ph~~ ~ Np 
Catalyst 80a (23.5 mg, 0.1 mmol, 10 mol%) and 4-phenylbutyric acid (164.2 mg, 1 
mmol) were weighed into a ReactArray reaction vessel, followed by assembly of a 
micro-soxhlet apparatus loaded with activated 3A molecular sieves under argon. 
Fluorobenzene (10 mL), and 1-(1-naphthyl)ethylamine (161 1-1L, 1 mmol) were added 
and the mixture stirred at reflux for 48 h, allowed to cool and the fluorobenzene 
removed in vacuo. The residue was then redissolved in DCM (25 mL), washed with 
brine (10 mL), 5% (w/v) HCl (10 mL), brine (10 mL), 5% (w/v) NaOH (10 mL), 
brine (10 mL), dried over MgS04, and concentrated in vacuo to afford (1-
naphthylethyl)-4-phenylbutyramide 113c (0.273 g, 86%) as a white solid. Mp 107-
108 oc; (Found: C, 82.93; H, 7.31; N, 4.33. C22H23NO requires C, 83.24; H, 7.30; N, 
4.41%); Vmax(film)/cm· 1 3297,2931, 1633s, 1532s and 777vs; 8H (500 MHz; CDCh) 
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1.67 (3H, d, J 6.5, CH3), 1.93-2.01 (2H, m, CH2), 2.09-2.20 (2H, m, CH2CO), 2.56-
2.67 (2H, m, ArCH2), 5.62 (lH, br d, J 8.5, CONH), 5.96 (lH, quintet, J 7.0, 
NCHCH3), 7.10 (2H, d, J7.5, ArH), 7.16 (lH, t, J7.5, ArH), 7.23 (2H, t, J7.5, ArH), 
7.45 (1H, t, J7.5, ArH), 7.50 (2H, t, J7.0, ArH), 7.54 (1H, t, J7.5, ArH), 7.81 (1H, d, 
J 8.0, ArH), 7.87 (lH, d, J 8.5, ArH) and 8.11 (lH, d, J 8.5, ArH); 8c (125.7 MHz; 
CDCh) 20.7 (CH2), 27.2 (CH2), 35.2 (CH3), 36.1 (CH2), 44.5 (CHN), 122.7 (ArC), 
123.6 (ArC), 125.3 (ArC), 126.1 (ArC), 126.7 (ArC), 128.48 (ArC), 128.56 (ArC), 
128.61 (ArC), 128.9 (ArC), 131.3 (ArC), 134.1 (ArC), 138.3 (ArC), 141.6 (ArC) and 
171.6 (CONH); m/z (ES) 340.2 (100%, [M+Nat). Chiral HPLC: Daicel Chiralcel 
00. Hexane-EtOH, 85:15, 1 mL min-1, 210 nm: tr(R) = 7.60 min; tr (S) = 13.9 min. 
2-Chloromethyl-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane150 264 
To a stirred solution of bromochloromethane (2.14 mL, 33 mmol) and triisapropyl 
borate (6.92 mL, 30 mmol), in dry THF (30 mL) under argon at -78 oc was added n-
BuLi (14.4 mL, 2.5 M, 36 mmol) dropwise. The mixture was allowed to stir at -78 oc 
for 1 h, warmed tort overnight (18 h) and then quenched with 20% (w/v) HCl (6 mL). 
The mixture was extracted into ether (3 x 10 mL) and the organic extracts washed 
with brine (10 mL). The extracts were dried over MgS04 and concentrated in vacuo. 
The obtained white solid was recrystallised from hexane-Et20, redissolved in Et20 
(10 mL) followed by addition ofpinacol (2.72 g, 23 mmol) and the mixture stirred for 
10 mins. After drying (MgS04) and solvent removal, boronate 264 (3.81 g, 72%) was 
obtained as a pale yellow oil. 
(S)-2-( 4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-ylmethyl)pyrrolidine-1-
carboxylic acid tert-butyl ester 266 
c(ty-
s-o o ... ,/ 
N 
Boc 
Via (-)-sparteine-mediated lithiation: 
To a stirred solution of(-)-sparteine (1.79 mL, 7.8 mmol) in dry Et20 (30 mL) under 
argon at -78 °C, was added s-BuLi (5.6 mL, 1.4 M, 7.8 mmol) dropwise and the 
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solution stirred for 10 min. To this was added N-Boc-pyrrolidine (1.05 mL, 6 mmol) 
in Et20 (5 mL) dropwise and reaction mixture stirred at -78°C for 4.5 h. 2-
Chloromethyl-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane 264 (1.27 g, 7.2 mmol) was 
added dropwise followed by ZnCh (11.4 mL, 1.0 M in Et20, 11.4 mmol), the mixture 
warmed to room temperature and stirred overnight (16 h). The reaction was quenched 
with 5 % (w/v) HCl (20 mL) and filtered through Celite. The phases were separated 
and the aqueous extracted into Et20 (2 x 10 mL). The combined organic extracts 
were washed with brine (15 mL), dried over MgS04 and concentrated in vacuo. 
Silica gel chromatography (pet ether:EtOAc, 9:1) afforded boronate 266 (1.28 g, 69 
%) as a colourless oil. [a]o22 +20.0 (c 1.00 in CH2Ch); Vmax (film)/cm·' 2976, 1694s, 
1397 and 1144; 8H (400 MHz; CDCb) 0.80-1.00 (2H, br m, CH2Bpin), 1.20 (6H, s, 
pinacol CH3), 1.21 (6H, s, pinacol CH3), 1.43 (9H, s, (CH3)3C), 1.50-1.60 (lH, br m), 
1.65-1.75 (lH, m), 1.77-1.88 (1H, m), 1.96-2.04 (1H, m), 3.20-3.40 (2H, br m, CH2N) 
and 3.92 (lH, br s, CHN); 8c (125.7 MHz; CDCb) 18.3 (CH2Bpin), 23.5 (CH2), 24.7 
(pinacol CH3), 28.6 ((CH3)3C), 33.2(CH2), 46.2 (CH2N), 54.2 (CHN), 78.8 ((CH3)3C), 
83.1 (pinacol C-0) and 154.5 (C=O); 158 (128.4 MHz; CDCb) 32.7; m/z (ES) 
334.2160 (100%, [M+Nat. [C, 6H3oBN04Nat requires 334.2166); chiral GC: CP-
Chiralsil-Dex-CB (25 m x 0.25 mm, 0.25 j..tm), l28°C, FID: tr (S) = 124.4 min; tr (R) = 
126.9 min; 94% e.e. 
By homologation of (S)-2-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)pyrrolidine-
l-carboxylic acid tert-butyl ester 270: 
To a stirred solution of bromochloromethane (0.12 mL, 1.90 mmol) and (S)-2-
( 4,4,5,5-tetramethyl-[ 1 ,3,2]dioxaborolan-2-yl)pyrrolidine-l-carboxylic acid tert-butyl 
ester 270 (0.47 g, 1.58 mmol) in dry THF (20 mL) under argon at -78 oc was added 
n-BuLi (0.88 mL, 2.5 M, 2.21 mmol) dropwise. The mixture was stirred for 1 hat -78 
°C, ZnCh (0.95 mL, 1.0 M in Et20, 0.95 mmol) was added, the mixture warmed to 
room temperature and stirred overnight (16 h). The reaction was quenched with 5 % 
(w/v) HCl (10 mL) and extracted into EhO (3 x 10 mL). The combined organic 
extracts were washed with brine (15 mL), dried over MgS04 and concentrated in 
vacuo. Silica gel chromatography (pet ether:EtOAc, 9:1) afforded boronate 266 (0.13 
g, 26 %) as a colourless oil. 
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Preparation of racemate for GC method development: 
To a stirred solution of N-Boc-pyrrolidine (0.35 mL, 2 mmol) and TMEDA in dry 
Et20 (15 mL) under argon at -78 °C, s-BuLi (1.9 mL, 1.4 M, 2.6 mmol) was added 
dropwise and the reaction mixture stirred at -78 oc for 4 h. 2-Chloromethyl-4,4,5,5-
tetramethyl-[1 ,3,2]dioxaborolane 264 (0.42 g, 2.4 mmol) was added dropwise 
followed by ZnCh (3.8 mL, 1.0 Min Et20, 3.8 mmol), the mixture warmed to room 
temperature and stirred overnight (18 h). The reaction was quenched with 5 % (w/v) 
HCl (10 mL) and filtered through Celite. The phases were separated and the aqueous 
extracted into EhO (2 x 10 mL). The combined organic extracts were washed with 
brine (10 mL), dried over MgS04 and concentrated in vacuo. Silica gel 
chromatography (pet ether:EtOAc, 9:1) afforded boronate 266 (0.44 g, 71 %) as a 
colourless oil. 
Confirmation of the absolute stereochemistry of(S)-266: 
(S)-266 (0.52 g, 1.67 mmol) was dissolved in THF (5 mL), cooled to ooc with an ice 
bath and treated with NaOH (1.8 mL, 3 N solution). Hydrogen peroxide (500 flL, 30% 
w/v solution) was then added and the mixture heated at reflux for 6.5 h. The solution 
was then cooled, diluted with brine and extracted with EhO (6 x 10 mL). The 
combined organic phase was then dried over MgS04 and concentrated in vacuo. 
Successive silica gel chromatography purifications (DCM:MeOH, 10:1, followed by 
pet ether:EtOAc, 1: 1) afforded (R)-N-Boc-(2-hydroxymethyl)-pyrrolidine (0.22 g, 
66%) as a white solid. [a]0 22 +50.8 (c 1.17 in CHCh). The other analytical and 
spectroscopic properties were identical to those reported in the literature. 138c 
(S)-2-Methylpyrrolidine-1-carboxylic acid tert-butyl ester boronic acid 267 
To a stirred solution of (S)-2-( 4,4,5,5-tetramethyl-[ 1 ,3,2]dioxaborolan-2-
ylmethyl)pyrrolidine-1-carboxylic acid tert-butyl ester 266 (1.16 g, 3.73 mmol) in 
Et20 (10 mL) was added diethanolamine (4.1 mL, 1.0 Min isopropanol, 4.1 mmol). 
The solvent was removed in vacuo and pinacol removed by distillation at reduced 
pressure ( 4 mbar). After cooling, the resulting glassy solid was stirred in THF (7 mL) 
and 5% (w/v) HCl (7 mL) for 50 min. Another portion of5% (w/v) HCl (3 mL) was 
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added and the mixture extracted into Et20 (3 x 10 mL). The combined organic 
extracts were washed with brine ( 1 0 mL ), dried over MgS04 and concentrated in 
vacuo to afford boronic acid 267 (0.48 g, 56%) as a white solid. Slow crystallisation 
from THF afforded crystals suitable for X-ray analysis (see Appendix). Mp 99-100 
oc; [a]0 22 -60.0 (c 1.00 in CH2Ch); (Found: C, 53.02; H, 8.76; N, 5.67. CwH2oBN04 
requires C, 52.43; H, 8.80; N, 6.11 %); Vmax (film)/cm-1 3386, 2974, 169ls, 1400 and 
1167; 6H (400 MHz; CDCh) 1.22 (2H, m CH2B), 1.45 (9H, s, (CH3)3C), 1.55-1.65 
(lH, br m), 1.68-2.08 (3H, br m), 3.31 (2H, m, CH2N), 4.11 (1H, br m, CHN) and 
6.81 (2H, br s, B(OH)2); Be (125.7 MHz; CDCh) 23.3 (CH2), 28.7 ((C1-13)3C), 34.6 
(Cl-12), 46.4 (C1-12N), 54.1 (CHN), 80.6 ((CH3)3C) and 157.1 (C=O); 68 (128.4 MHz; 
CDCh) 32.4; m/z (ES) 656.4 (100%, [boroxine+Nat). 
(S)-(Pyrrolidinium-2-yl)methylboronic acid chloride 268a 
c 
d Q ... ,l(OH)z 
e N b a 
Hz 
+ Cl 
f -
(S)-2-( 4,4,5,5-Tetramethyl-[ 1 ,3,2]dioxaborolan-2-ylmethyl)pyrrolidine-1-carboxylic 
acid tert-buty1 ester 266 (1.15 g, 3.70 mmol) was stirred at reflux with 20% (w/v) 
HCl (12 mL) for 2 h. The mixture was cooled to room temperature, washed Et20 (3 x 
10 mL) and concentrated in vacuo. The residue was redissolved in water (1 mL), 
toluene (5 mL) was added and the mixture concentrated in vacuo. Azeotroping with 
toluene was repeated a further three times to afford (S)-(pyrrolidinium-2-
yl)methylboronic acid chloride 268a (0.60 g, 98 %) as a pale brown oil. [a]0 22 +20.0 
(c 1.00 in H20); Vmax (film)/cm-1 3299, 2975, 1597, 1385vs, 1215 and 1021; 6H (500 
MHz; D20) 1.18-1.37 (2H, m, Ha), 1.55-1.65 (lH, m, He), 1.93-2.00 (1H, m, Hd), 
2.01-2.09 (1H, m, Hd), 2.18-2.26 (1H, m, He), 3.22-3.32 (2H, m, He) and 3.66-3.73 
(1H, m, Hb); 6c (125.7 MHz; D20) 18.2 (br s, C1-12B), 23.2 (Cl-12), 31.6 (Cl-12), 44.8 
(C1-12N) and 58.3 (CHN); 6B (128.4 MHz; CDCh) 31.1; m/z (ES) 130.1033 (80%, M+. 
[CsH13BN02t requires 130.1 034). 
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(S)-2-( 4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-ylmethyl)pyrrolidinium 
chloride 271 
c ~*~-
d B-0 0 .... .1 e N b a 
H 
+
2 Cl 
f -
A mixture of (S)-(pyrrolidinium-2-yl)methylboronic acid chloride 268a (0.13 g, 0. 79 
mmol) and pinacol (92.9 mg, 0.79 mmol) in CHCb (30 mL), was stirred vigorously at 
rt for 3 hand then concentrated in vacuo. Recrystallisation from acetone afforded (S)-
2-( 4,4,5,5-tetramethyl-[ 1 ,3,2]dioxaborolan-2-ylmethyl)pyrrolidinium chloride 271 
(0.09 g, 46 %) as a white crystalline solid, with crystals suitable for X-ray analysis 
(see Appendix). Mp 202-203 oc; [a]o22 +20.0 (c 1.00 in CH2Ch); (Found: C, 53.24; 
H, 9.28; N, 5.43. CuH22BN02 requires C, 53.37; H, 9.36; N, 5.66%); Vmax (film)/cm- 1 
3392, 2979, 1636, 1380s, and 1145; 8H (400 MHz; CDCb) 1.21 (12H, s, pinacol 
CH3), 1.35-1.43 (1H, m, Ha), 1.56-1.64 (2H, m, Ha and He), 1.89-2.12 (2H, m, Hd), 
2.20-2.30 (lH, m, He), 3.22-3.44 (2H, m, He) and 3.65-3.77 (1H, m, Hb); 8c (100.6 
MHz; CDCh) 23.5 (Gh), 24.9 (pinacol CH3), 25.0 (pinacol CH3), 31.8 (CH2), 44.2 
(CH2N), 57.8 (CHN) and 83.9 (pinacol C-0); 88 (128.4 MHz; CDCb) 32.1; m/z (ES) 
212.2 (100%, [M+Ht). 
Titration of (S)-268a 
Titration experiments were carried out using a Griffin Model 50 pH meter (PHM-11 0-
134N). (S)-268a (60 mg, 0.36 mmol) was dissolved in water (20 mL), 5% (w/v) HCl 
was added till the solution was pH 1.37 and the solution titrated using a 0.039 M 
aqueous sodium hydroxide solution. 
1H and 11 B NMR studies were performed using solutions of(S)-268a (22.9 mg, 0.138 
mmol) in D20 (4 mL). The pH was adjusted using a 0.8% (w/v) solution ofNaOD in 
020. 
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(S)-4-Hydroxy-4-( 4-nitrophenyl)butan-2-one98 278 and (E)-4-( 4-nitrophenyl)but-
3-en-2-one151 279 
(S)-268a (0.2 mmol, 20 mol%), 4-nitrobenzaldehyde (151 mg, 1 mmol), potassium 
tert-butoxide (22.4 mg, 0.2 mmol) and acetone (10 mL) were stirred at room 
temperature for 24 h. The reaction was quenched with sat. aq. NH4Cl (10 mL) and 
extracted into EtOAc (2 x 10 mL ). The combined organic extracts were dried over 
MgS04 and concentrated in vacuo. Silica gel chromatography (pet ether:EtOAc, 7:3) 
afforded 278 (0.13 g, 62%) as a yellow oil and 279 (0.02 g, 11 %) as a yellow solid. 
Chiral HPLC (278): Daicel Chiralcel OJ. Hexane-IP A, 90:10, 1 mL min-1, 254 nm: tr 
(R) = 38.6 min; tr (S) = 44.0 min; 8% e.e; 8H (400 MHz; CDCh) 2.23 (3H, s, CH3), 
2.82-2.88 (2H, m, CH2), 3.61 (lH, s, OH), 5.26 (1H, m, CHOH), 7.55 (2H, d, J 8.6, 
ArH), 8.22 (2H, d, J 8.6, ArH). 
Procedure for monitoring formation of (S)-4-hydroxy-4-(4-nitrophenyl)butan-2-
one 278 over time using the Gilson 215 Synthesis Workstation 
Catalyst (S)-268a (33.1 mg, 0.2 mmol, 20 mol%) was manually weighed into each 
reaction vessel. The appropriate solvent (7546 JlL), toluene (426 JlL, 4 mmol), Et3N 
(28 JlL, 0.2 mmol) and 4-nitrobenzaldehyde (2000 JlL, 0.5M in acetone, 1 mmol) 
were added using the ReactArray. Reactions were sampled (40 JlL) at 1 h intervals (6 
h reaction time). Samples were quenched with MeCN:H20 (1:1) (1560 JlL), diluted 
once ( 40 JlL in 1560 JlL MeCN :H20 (1: 1) ), mixed and analysed by HPLC (gradient 
MeCN (0.05% TFA) I water (0.05% TFA) 0:100 to 100:0 over 15 minutes; 1 mL min-
1; tr = 11.15 min). Toluene was used as an internal standard, with response factors 
calculated automatically by ReactArray DataManager. Samples were filtered 
through 4 em of silica in a Pasteur pipette, eluted with EtOAc (3 mL) and subjected to 
chiral HPLC: Daicel Chiralcel OJ. Hexane-IPA, 90:10, 1 mL min-1, 254 nm: tr (R) = 
38.6 min; tr (S) = 44.0 min. 
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General procedure for formation of (4R)-3,4-dihydroxy-4-phenylbutan-2-one152 
284 
(S)-268a (0.1 mmol, 20 mol%), the appropriate solvent (2 mL) benzaldehyde (50.5 
~-tL, 0.5 mmol), Et3N (14 ~-tL, 0.1 mmol) and hydroxyacetone (68.6 ~-tL, 1 mmol) were 
stirred at room temperature for 48 h. The reaction was quenched with sat. aq. NH4Cl 
(10 mL) and extracted into EtOAc (2 x 7 mL). The combined organic extracts were 
dried over MgS04 and concentrated in vacuo. Chiral HPLC: Daicel Chiralcel OJ. 
Hexane-EtOH-MeOH 90:6.6:3.3, 1.2 mL min-1, 210 nm: tr (R) anti= 16.4 min; tr (S) 
anti = 18.2 min; tr (R) syn = 20.1 min; tr (S) syn = 23.8 min. 
Syn: 8H (400 MHz; CDCh) 2.02 (3H, s, CH3), 4.14 (1H, d, J 2.5, CH3COCHOH), 
4.81 (lH, d, J2.5, PhCHOH), 7.17-7.26 (5H, m, ArH). 
Anti: 8H (400 MHz; CDCh) 1.75 (3H, s, CH3), 4.26 (lH, d, J 4.5, CH3COCHOH), 
4.79 (1H, d, J4.5, PhCHOH), 7.17-7.26 (5H, m, ArH). 
General procedure for aldol reactions 
(S)-268a (0.1 mmol, 20 mol%), the appropriate aldehyde acceptor (0.5 mmol), Et3N 
(14 ~-tL, 0.1 mmol) and donor (2.5 mmol) were stirred at room temperature for 48 h. 
The reaction was quenched with sat. aq. NH4Cl (10 mL) and extracted into EtOAc (2 
x 7 mL). The combined organic extracts were dried over MgS04 and concentrated in 
vacuo. 
(S)-4-Hydroxy-4-naphthalen-2-ylbutan-2-one: 68a 
Conversion: 7%, as a yellow oil; chiral HPLC: Daicel Chiralpak AD. Hexane-IPA, 
97:3, l mL min-1, 254 nm: tr (S) = 10.4 min; tr (R) = 15.3 min; 8H (400 MHz; CDCh) 
2.21 (3H, s, CH3), 2.95 (2H, m, CH2), 3.44 (lH, br s, CHOH), 5.34 (1H, m, CHOH), 
7.42-7.47 (3H, m, ArH), 7.78-7.84 (4H, m, ArH). Conversion to enone: 153 17%. 
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3-Hydroxy-2, 2 -dimethyl-3-( 4-nitrophenyl) propional dehyde: 125 
Conversion: 6%, as an orange solid; 8H (400 MHz; CDCh) 0.99 (3H, s, CH3), 1.08 
(3H, s, CH3), 2.87 (lH, s, CHOH), 5.05 (lH, s, CHOH), 7.50 (2H, d, J 8.0, ArH), 8.20 
(2H, d, J 8.0, ArH), 9.63 (lH, s, CHO). 
1-Hydroxy-l- ( 4-n i trophenyl) no nan-3 -one: 125 
OH 0 
Conversion: 5%, as an orange solid; 8H (400 MHz; CDCh) 0.81-0.89 (3H, m, CH3), 
1.14-1.42 (6H, m, 3 x CH2), 1.50-1.55 (2H, m, CH2), 2.84-2.88 (2H, m, 
CH(OH)CH2CO), 3.58 (1H, br s, CHOH), 5.29 (lH, s, CHOH), 7.52 (2H, d, J 8.6, 
ArH), 8.20 (2H, d, J 8.6, ArH). 
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Appendix - Crystallographic Data 
N,N-Diisopropyl-3-fluorobenzylamine-2-boronic acid 104a 
Crystal data 
M;.= 253.12 
Monoclinic, ?21/c 
Hall symbol: ? 
a= 13.748 (2) A 
b = 7.701 (1) A 
c = 13.781 ~2~ A 
p,= ll0.97 (1)0 
V= 1362.4 (3) N 
Z=4 
Fooo = 544 
Data collection 
Dx = 1.234 Mg m-3 
Melting point: 384 K 
Mo Ka. radiation 
A.= o.nro73 A 
Cell parameters from 9668 reflections 
8=3.~29:0° 
11 = 0.09 mm-1 
T= 120.(2)K 
Cell measurement pressure: ? kPa 
Parallelepiped, colourless 
0.4 X 03 X 0.2 illill 
Siemens SMART IK CCD area detector 3616 independent reflections diffractometer 
Radiation source: fine~ focus sealed tube 3192 .Feflections with I> 2u(~ 
Monochromator:. graphite R;01 == 0.042 
Detector resolution: 8 pixels mm-1 Bmax = 29.0° 
T= 120(2) K Omin = L6° 
P""?kPa h=-18 18 
151 
ro scans 
Absorption correction: none 
15676 measured reflections 
Refinement 
Refinement on F 
Least-squares matrixr full 
S= L03 
361 6.reflections 
24 7 parameters 
? constraints 
k= ~10 10 
/=-18 18 
Secondary atom site location: difference Fourier 
map 
Hydrogen site location: inferred &om 
neighbouring sites 1 
All H~atom parameters refined 
w = ll[cr(Fo2) + (0.0591P)2 + 0.3439P]' 
where P =(F/ + 2Fc2)/3 
(A/u)max < 0.00'1 
~Pmax = 0.35 e A-3 
~Pmin = ..-:o.18 e A-3 
Extinction correction: none 
Primary atom site :location: structure-invariant 
direct methods 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2) 
X y z U.so*/Ueq 
F 0.81079 (5) 0.31412 (9) 0.51898 (5) 0.02841 (1'6) 
N 0.69617(6) '0.63667 ('l'Oj 0.81339 (6) 0.01:613 (16) 
B 0.65058 (8) 0.43779 (>14) 0.59035 (8) 0.0189 (2) 
01 0.59332 (5) '0.55515 (9) '0:62006 (5) 0:02116 C1'6) 
HOI 0.6296 (14) ·0:600{2) 0.6885 (15) 0.055 (5)* 
02 0.61039 (6) 0.35851 (ll) 0.49633 (6) o,o2744 (t8) 
H02 0.5441 (14) 0.389{2) 0.4621 {14) Ol049 (5)* 
Cl 0.80205 (7) i 0.39633 (12) 0.77483 (7) 0_.01691 (1,8) 
C2 0.76569 (7) 0.38654 (1'2) 0,66466 (7) O:Ol71li9 (18) 
C3 0.83762 (8) 0.32127 (13) 0;62388 (7) 0.0207 (2) 
C4 0,93654 (8) 0.26248 (1'5) 0,68130 (9) 0.0262-~2) 
H4 0.9809 (11~ 0.2115 (19) 0.6450 (1 't) o,031 (4)* 
C5 0.96898 (8) 0.27205 (15) . 0. 78838 (9) 0.0272{2~ 
H5 1.0396 (B) 0.231 (2) o:B1'9 (l2) 0!038 (4)* 
152 
C6 0.90243 (8) 0.33999 {13) 0.83429 ·(8~ o.o21117 (2) 
H6 0.9252 (11) 0.3459 (18) 0.9094 (11) 0.026 (3)* 
C7 0.73473 (7) 0.45559 (12) 0.83498 F) 0:01801 (19) 
H7'1 0.6734.(10) 0.3810(17) 0.8193 (to) 0.02•11 (3:)* 
H72 0.7760·(10) 0.4395 (17) 0.9098 (1'0) 0.022 (3)* 
C8 0.62479 (8) 0.68238 (13) 0.87061 (8) 0.0209 (2) 
H8 0.6262 (10) 0.8092 (18) 0.8751 ( 1!0) 0.022 (3)* 
C9 0.51-343 (8) 0.62887 (15) 0.80617 (10) 0.0279 (2) 
H9r1 0.489!1 (12) 0.687 (2) 0. 7362 (1'2) 0.037 (4)* 
H92 0.5081 (12) 0.501 (2) 0.7964 (11) 0.035 (4:)* 
H93 0.4663 (12) 0.665 (2) 0.8430 (12) 0.039 (4:)* 
Cl'O 0.65453 (10) 0.60695 (17) 0.98019 (9) 0..031'4 (3) 
N101 0.6463 (12) 0.479 (2) 0.9788 (12) 0.039 (4)* 
H102 0.7279 (13) 0,631 (2) 1.0245 (12) 0.038 (4)* 
H103 0,6072 (13) 0.661 (2) 1.0'138 (12) 0.044 (4~* 
011 0,78144 (7) o~764'16 (13) 0.82605 C8) 0.0193 (2) 
H11 0~8234 (10) 0.7123 (17) 0.7869 (10) 0.01'9 (3)* 
012 0,73779 (9) 0.93673 (14) 0.77469(9) '0,0257 (2) 
H121 0,6848{12) 0.917 (2) 0.7046~(12) 0.034.(4~71' 
H122 0·7084:(11) 1.0027 (19) 0,8:1'76(11) 0,030 (3)* 
H123 Ol7946{12) 1.005 (2) 0.7660(12) 0.037(4)* 
on 0:85506 (9) 0~79239 (16) 0.93809 (9) 0.0292 (2) 
Hl3l Ol8187 (12) Ol849 (2) 0.9821 (12) 0,034{4)* 
H132 0~8861' (12) 0:682(2) 0.9718 (12) 0.039 (4)* 
Hl33 0.9·113 (13) 0.867 (2) 0.9364·(12) 0.041 (4)71' 
Atomic displacement parameters (N) 
cfl u22 cP ul2 ul3 u23 
F 0.03tl7 (3) •0;0355 (4) 0:0190 (3) 0.0009 (3) O.OWJ (3) -0~0062 (2) 
N 0.0157 (3) 0:0148 (4) ·0;0173 (3~ 0.0006 (3) 0.0052 (3) -0,0009 (3) 
B 0.0194 (5) ·0:0182 (5) 0.0167 (4) 0.0003 (4:) 0.0033 (4) 0:0006-(4) 
01 0.0190 (3) ·0:0223 (3) ·0.0172 (3~ o,oo28{3) 0.0004(3) -0,003·1 (3') 
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02 0.0245 (4) 0.0306 (4) 0.0199 (3) 0:0063 (3) -0.00110 (3) -0:0075 (3~ 
Cl 0.0171 (4) 0.0145 (4) 0.0177(4) 0.0005 (3~ 0.0044(3) -0,0004(3~ 
C2 0.0<1'77 (4) 0.0148 (4) 0.0172 (4) -0:0007 (3) 0.0040 (3) -0:0013 (3~ 
C3 0,0233 (5) 0.0203 (4) 0.0184 (4) -0!00tl7 (4) 0.0075 (4) -0:0032 (3) 
C4 0.0212 (5) 0.0289 (5) 0.0299 (5) 0.0021 (4) 0.01110 (4) -0:0046 (4) 
C5 0.0:1175 (4) 0.0312(5) 0.0297 (5) 0;0045 (4) 0.0044 (4) -0,0001 (4) 
C6 0,0,1190 (4) 0.0235 (5) 0.0195 (4) 0;0022 (4) 0.0031 (4) 0:0000 (4) 
C7 0.01198 (4) 0.0•1:65 (4) 0.0173 (4) 0.0023 (3} 0.0063 (3) Q;0014 (3) 
C8 0.0215 (4) 0.0200 (4) 0.0228 (4) ·0.0016 (4) 0.011100 (4) -0:0026 (4) 
C9 O.Oll99 (5) 0.0273 (5) 0.0387 (6) ~0:0004 (4) 0.0B2 (4) -0.0060 (5) 
CIO 0.0395 (6) 0.0358.(6) 0.0248 (5) 0;0065 (5) 0.0,1:86 (5) 0,0018 (4) 
Cll 0.01:64 (4) O.O<Ji78 ( 4) 0.0213 (4) --'0;0017 (3) 0.0038 (3) -0,0030 (3) 
Cl2 0.0263 (5) 0.01'84 (5) 0.0310 (5) -0.0020 (4) 0:0087 (4) 0;00:15 (4) 
C13 0.0217(5) 0~0301 (6) 0.0276 (5) -0.0017 (4) -0.0013 (4) ~o.oo73 (4) 
Geometric parameters (A, 0 ) 
F-C3 L3591 {tll) C7-H72 0.991 (13) 
N----='C7 1.4837 (12) C8-C9 1.5261 (15) 
N-CII 1.4907 (1'2) C8-Cl0 1.5307 (15) 
N-C8 1.5042 ('12) C8~H8 0.978 (14) 
B----01 1.3547 (113~ C9~H91 1.004(16) 
B---02 1.3581 (B~ C9~H92 0.996 (16) 
B-C2 1.5965 (N) C9-H93 0.996{15) 
01-HOl 0.960 (19) Cl,O--Hl01  0.989 (17) 
02'-H02 0.895 (l8) Cl0--Hl02 0.99<1 (16) 
Cl-C6 1.3981 (13} CIO--Hl03 1.015 .(17) 
Cl-C2 1.4204 (12) C I ·1'----'C 12 1.5242 (14) 
Cl-C7 151'71 (13~ Cll'--C13 1.5287{14) 
C2-C3 1.3943 (14} Cll~Hll 1.004(13) 
C3-C4 1.3822 (15} Cl2~HI21 0.991 (15) 
C4-C5 1.3824 (lt6) · CI2----:Hl22 0.970 (14) 
C4--H4 0.998 (14) CI2~HI23 0.983 (16) 
C5-C6 1.3875 (15) Cl3-Hl31 1.013 (15) 
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C5-H5 0.992 (16) Cl3-H132 0.993 (16) 
C6------c-H6 0.969 (14) C13-H133 0.971 (17) 
C7-H71 0.978 (13) 
C7-N-C11 112.71 (7) C9-C8-C10 109.25 (9) 
C7-N-C8 1l1.60 (7) N-C8~H8 105.4 (8) 
C11-N-C8 1 '1'4. 69 (7) C9-C8---'H8 107.4 (8) 
01-B-02 120.42 (9) CHl-C8-H8 108.9 (8} 
01-~2 121.39 (8) C8-C9-H9<1 111.0 (9} 
02~B-C2 H8.18 (9) C8-C9-H92 110.9 (9) 
J3..-,....Qil-H01 1I'2.6 (II) H9!I'~9~H92 109.I (12) 
B-02-H02 111.9 (11) C8-C9~H93 109.I (9) 
C6-CI-C2 I20.40 (9) H9.J-C9-H93 I08.I (13) 
C6-Cl-C7 Il6.I3 (8) H92-C9-H93 I08.6 (13) 
C2-C1-C7 123.36 (8) C8-C1(),-H101 IU.7 (9) 
C3-C2-C1 114.89 (8) C8----o-C1~H102 1li3.0 (9) 
C3-C2-B 120.91 (8) Hl01-CJO-Hl02 106.2 (13) 
01'-C2'-B 124.15 (8) C8-C10-H103 1·07,7 (9) 
F-C3-C4 115.63(9) H1'0 1-Cl O-HliQ3 109.4 (13) 
F-C3-C2 118.79 (9) Hl02-C10-H1103 l08.6 (13) 
C4-C3-C2 I25.57 (9) N-C:l1-C12 1110,95 (8) 
C3~4-=-C5 117.98 (10) N~11~B 114.87 (9) 
C3-C4-H4 119.6 (8) 012-011-CT3 1110.69,(9) 
C5-C4-H4 . 122.4 (8) N-Ctll-Hll 104'.7 (7) 
C4-C5-C6 119,56(9) 012--011-:P.Itli l07.7 (7) 
C4-C5-H5 120.0(9) 013-CT 1-Hti' 1 107.4 (7) 
C6-C5-H5 120.4 (9) Cl1-C.I2-Hl2I 110.~ (9) 
C5-C6-C1 I21.56 (9) C11-C,l2-H122 110.7(8) 
C5-C6-H6 119.4 (8) H121-C12-H122 110.6 ('1'2) 
C1-C6-H6 ll9.0 (8) C11-Cl'2-H123 108.9 (9) 
N-C7-C1 114.66 (8) H121-C12-H123 107.5 (12) 
N-C7-H7l}: 106.9 (8) H122-Cl2-H123 l08.5 (tJ2) 
C1-C7-H71 110.4 (8) C11-Cl3-Hif31 112.1 (9) 
N-C7-H72 ll0.9·(8) C11-C:B'-----Hl32 111.7 (9) 
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C1-C7-H72 107.3 ~8) H131-C13-H132 108.3 (12) 
H71-C7-H72 106.5{11) C11-Cl3-H133 107.7 (10) 
N-C8-C9 109.79 (8) H131'-Cl3-H133 108.9 (13) 
N-C8-C10 115.74 (8) H132-C13~Hl33 108.0 (13) 
C6-C1-C2-C3 -1.12 (13~ C4-C5-C6-C1 1.26 (11) 
C7-C1-C2-C3 -177.09 (9) C2-C l-----€6-C5 -0.52 ('15) 
C6-C1-C2-B 176.54 (9) C7-Cl-C6-C5 175.72 (H~) 
C7-C1-C2-B 0.58 (14) C11-N-C7-C1 -52.79 (10) 
01-B-C2-C3 -155.70 (:10) C8-N-C7-€1 176.46 (8) 
02----'B-C2-C3 25.22 (14) C6-C1--C7-N 121'.99 (9) 
01-B-C2-C1' 26.77 (15) C2-C1-C7-N -61.89 (12) 
02-B-C2-C1' -152.31 ('1'0) C7-N-C8-C9 -86.74 (10) 
C1-C2-C3-F -177.32. (8) C11-N-C8-C9 143.54 (9) 
B-C2-C3-F 4:93 (14~ C7-N-C8-C10 37.50 (12) 
C1-C2-C3-C4 2.24 (15~ C11-N-C8-C10 -92.23 (11) 
B-C2-C3-C4 ~175.51 (rD) C7-N-C11-C12 163.88 (8) 
F-C3-C4-C5 177.99 (W) C8-N-C11-C12 -66.95 (lO) 
82-C3-C4-C5 -1.59 (17) C7-N-Cl1-C13 -69.64 (ll) 
C3-C4-C5-C6 -0.26 (17) C8-N-C11-C 13 59.53 (11) 
Hydrogen-bond geometry (A, 0 ) 
D--'U··A D--H H-··A D···A D--H···A 
Ol-H01···N 0.960 (19) 1.659 (19) 2.6069 (11) 168.5 '(17) 
02-H02···01i 0.895 (11'8) 1.872 (19) 2.7646 (11) 174.9 (17) 
Symmetry codes: (i) -x+l, -y+1, -z+l. 
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N,N-Diisopropyl-5-trifluoromethylbenzylamine-2-boronic acid 108 
Crystal data 
M, = 303.13 
Monoclinic, Pl/c 
Hall symbol: ? 
a= 15.4653 (18) A 
b = 7.7851 (9) A 
c = 13.2548 (15) A. 
p"" 105.71 (1)0 
v = 1536.2 (3) N 
Z=4 
Fooo = 640 
Data collection 
Siemens 1KCCD area detector 
diffractometer 
Dx = 1.311 Mgm -J 
Melting point: 389 K 
Mo Ka. radiation 
1..=0.71073 A 
Cell parameters from 5776 reflections 
e = 2.7-29.0° 
Jl = 0.11 mm-1 
T= 120:(2) K 
Cell measurement pressure: ? kPa 
Parallelepip, colourless 
0.65 X 0.27 X 0.13 1Tilll 
4059 independent reflections 
Radiation source: fine-focus sealed tube 3248 reflections with I> 2crU) 
Monochromator: graphite 
Detector resolution: 8 pixels mm"1 
T= 120(2) K 
P= ?lkPa 
Rmt =0.040 
h=-21~21 
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mscans 
Absorption correction: none 
12199 measured reflections 
Refinement 
Refinement on r 
Least-squares matrix: full 
R['Jil > 2cr(Y)] = 0~042 
wR(Y) = 0.112 
S= 1.03 
4059'reflections 
274 parameters 
? constraints 
k = -10-:)8 
/=-17-:)l8 
Secondary atom site location: difference Fourier 
map 
Hydrogen site location: difference Fomier map 
All H-atomparameters refined 
w = lh[~(F/) + (0.0537Pi + 0.44l3PJ 
where P =·(F./+ 2Fc2)/3 
(A/cr)max < 0.001 
APmax = 037 e A-3 
Apinin = -o.22 e A -J 
Extinction correction: none 
Primary atom site loca:tion: structure-invariant 
direct methods 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2) 
X y z U;so */Ueq 
H. -0.04871 (6~ 0.1'9887 ( l5) 0.25827 (8) 0.0519 (3) 
F2 ~o.03995 (6~ '0.36853 (14) ·0.113451 (9) 0.0590,(3) 
F3 -0.00168(6) 0.10517 (14) 0.13111 (9) 0.0558 (3) 
01 i 0.42355 ~5) 10.54575. (1'1) ·0.381103 (7) 0.02086 (19) 
HOI 0.3940 (B) 0.592 (3) 0.3138 (l6) 0.051 (5)* 
02 0.40227 (6) 0.36640 (T2) 0.51644 (7) 0.0239•(2) 
H02 0.4535 (13) 0.400 (2) 0.5481 (15) 0,042 (5)* 
N 0.33121 (6) ·0:62897 (r2) 0.19055(7) . 0.01'76 (2) 
B 0.3:?21<6 ~8) 0.43470 ('17~ 0.41867 (10) 0.01:85 (3) 
Cl 0.24101 (8) 0.39282 (14) 0.24273 (9) 0.01:83 (2) 
C2 0.27388 (7) 0.38147 (14:) 0.35321 (9) 0.0182 (2) 
C3 0.21'545 ~8) 0.32020 (:116) 0.40924 (10~ 0.0226·(2) 
H3 0.2368;(10) '0.312 (2) 0.4869 (12) 0:024(4)* 
C4 0.12719 t8) 0.27287 (17) 0.36044 (Ill) 0.0261 (3) 
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H4 0.0885 (II) 0.233 (2) 0.4002 (13) 0.03I (4~* 
C5 0.0967·I (8) 0~28502 (16) 0.25274 (10) 0.0245 (3) 
C6 O.I5302 (8) 0.34364 (I5) 0~19437 (10) 0.0222 (2) 
H6 O.B:I16 (II) 0~355 (2) 0.1182(13) 0.03I (4J* 
C7 0.29767 (8) 0.45064 (I5) 0.17I62 (9) 0.020I (2) 
H7I 0.35·I15 (10) 0.3769 (I9) O.I829 (11) 0.02I (3)* 
H72 0.2614 (9) 0.4353 (I8~ 0.0989,(II) 0.018 (3~* 
C8 0.39251 (9) 0.67397 (I6) O.l239I (10) 0.0232 (3) 
H8 0.3939 (9) 0.7999 (I9) O.I202(II) 0.019 (3~* 
C9 0.48805 (9) 0.6I623 (19) o. I7775 (I2) 0,03IO (3) 
H9I 0.5109 (I2) 0.676(2) 0.2481 (15) 0.043 (5)11' 
H92 0.5272 (12) 0.648 (2) 0~13I6·(I4) 0.042 (5)* 
H93 0.4922 (II·) 0.49I (2) O.I858'(13) o.o4o C5)* 
C.I!O 0.36478 (1·2) 0.60<t5 (2) 0~01183 (11) 0.0357 (3) 
HIOI 0.3712 (I2) 0.477 (3) O.O>ll I (I4) 0.043 (5~* 
HI02 0.4046 (H) 0.657 (2) -0.0257 (13) 0.037 (4)* 
Hl'03 0.3032 (13) 0.633 (2) -0.0255 (14) 0.045 (5)* 
Cll 0.25743 (8) 0.75506 (I5) O.I8702 (10) 0.0208 (2) 
H11 0.2263 (IO) 0.7100 (W) 0.2367 (11) 0.0211 ~3>* 
Cl2 0.29520 (9) 0.92955 (I7) 0.22834 (II) 0.0257 (3) 
HI2I 0.3429 (H) 0.91'7 (2) 0.2925 (13) 0.03·I: (4:)* 
HI22 0.3I79{IO) 0.995 (2) 0.1756 (I2) 0:032{4)* 
H123 0.2466 (12) 0.995 (2) 0.2414 (I4) 0.045.(5)* 
CB O.ii•8820 (W) 0.7746 (2) 0.08090 (I2) 0.0354 (3) 
H13I 0.2I50 (I2) 0.834 (2) 0.0289 (I4) 0.043.(5)* 
HI32 o~ IM5 ( 14) 0.663 (3) 0.0544 (16) 0.056{5?* 
H133 O.I40•I (14) 0.848 (3) 0.0892 (116} 0.055{5J* 
Cl4 o~oor83 (9) 0.23892 (I9) O.I9500 ~I2) 0.0338 (3) 
Atomic displacement parameters (N) 
[jl u22 r.P [j2 rJ3 u23 
FI 0;0209{4) 0:070I (7) 0;0635 (6) -0.0121 (4) ·0.0096 (4~ 0.0027 (5) 
F2 0.0308 (5) 0:0505.(6) 0.0744(7) ~o.oo66(4) ~o,o222 (5) 0.0180 (5) 
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F3 0.0350 (5) 0.0556 (6) 0.0703 (7) -O;Q181 (5) 0.0030 (5) -0.0278 (5) 
01' 0,01:86 (4) 0.0226 (4) 0.0187 (4) -0:0025 (3) 0.0004 (3) 0.0029 ~3) 
02 0.0211 (4) 0.0283 (5) 0.01191 (4} -0.0040 (4) 0.0001 (3) 0.0039 (3) 
N 0.0193 (5) 0.0162 (5) 0.0171 (4) 0.0002 (4) 0.0047 (4) 0.0006(4) 
B 0.0183 (6) 0.0171 (6) 0.0193 (6) Q.OOlO (5) 0.0035 (5) -0.0012 (5) 
C1 0.0199 (5) 0.0136(5) 0:0205 (5) 0.0002 (4) 0.0042 (4) -0.0005 (4) 
C2 0.0181 (5) 0.0143 (5) 0:0208 (5) Q:0008 (4) 0.0027 (4) 0.00011 (4) 
C3 0,0229 (6) 0.02;15 (6) 0;0226 (6) -0:0002 ~5} 0.0048 (5) o,oo34,(5) 
C4 0.0217 (6) 0.0250 (6) 0:0322 (7) -0.0026 (5)! 0.0083 (5) 0.0052{5) 
C5 0.0175 (5) 0.0196 (6) 0.0325 (7) -0.0019 (4) 0.0003 (5) 0.0008 (5) 
C6 0.02118 (6) 0.0188 (6) 0:0225 (6) -0.0007 (4) 0.0001 (5) -0:0006 (5) 
C7 0.0246 (6) 0.0170 (5) 0.0185 (6) -0:0011 (4) 0.0056 (4) -0:0023 (4) 
C8 0.0301 (6) 0.0198 (6) 0;0224 (6) -0:0011 (5) 0.011'4 (5) 0.0024(5J 
C9 0.0273 (6) '0.0302 (7) 0.0409 (8) 0:0017(5) 0.0182 (6) 0:0062{6) 
ClO 0,05}6 (9) 0.0364 (8) 0.0237 (7) -0.0065 (7) 0.0181 (7) -0:0015.(6) 
C11 0.0192 (5) 0.0186 (6) 0.0227 (6) 0:0030 (4) 0.0023 (4) 0:0019 (4) 
C12 0.0296 (6) 0.0189 (6) 0.0279 (7) 0:0020 (5~ 0.0067 (5) -0.0012 (5) 
C13 0.0307 (7) 0.0315 (8) 0.0337 (8) 0:0042 (6) -0.0090 (6) 0;0040{6) 
C14 0.0220 (6) 0.0325 (7) 0.04119 (8) -0.0052 (5) 0.0001 (6) 0:0017 (6) 
Geometric parameters (A, 0 ) 
F1--C14 1.3292 (18) C~H6 0.977 (16) 
F2--C14 1.3408 (18) C7,--H71 0.988 (l5) 
F3--C14 1.3339 (18) C7~H72 0:982 (14) 
Oil-B 1.3575 {15) C8--C9 1.5242 (19) 
01-H01 0:96 (2) C8--CIO 1.5293 (19) 
02-B 1.3609(16) C8~H8 0:982 (15') 
02-H02 R83 (2) C9-H9·1 1.01'6 (1·9) 
N--C7 1.4795 (i5) C9-H92 1.001 (1:8) 
N--Cl11 1.4962(15) C9~H93 0.982 (19) 
N--C8 1.5017 (15) Cl10-HTOI 0:99 (2~ 
B--C2 1.5876 (17) CNlo--,--HI:02 0.979 (17) 
Ol--C6 1.3917(16) 01,0---=IU03 0.972 (19) 
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Cl-C2 1.4169 (1.6) C11-=----C 12 1.5210(17) 
C1-C7 1.5187 (16) C11-C13 1.5271 (18) 
C2-C3 1.399706) C11-Hll 0.979 (15) 
C3-C4 1.3925 (17) C12-H121 0.968 (17) 
C3~H3 0.995 (1'5) C12-H122 1.003 (16) 
C4-C5 1.380,1 (19) C12-H123 0;964 {19} 
C4-H4 0.949 (17) C13-H131 1.007(19) 
C5---C6 1.3892 (18) C13-H132 0.98 (2) 
C5---C14 1.5031 (18) C13-H133 '0.97 (2) 
B~1-H01 113.8 (12) C1~8=--H8 108.0 (8) 
B-02-H02 113.1 (13) C8-C9~H91 110.3 (10) 
C7-N-C11 112.39 (9) C8-C9-H92 108.1 (10) 
C7-N~C8 11,},.55 (9) H91-C9---H92 109.4 (15) 
C11-N-C8 1 i5.22 (9) C8-C9-H93 111'.7(10) 
Ol~B-----02 12'1.02 (11) H91~9~H93 111.0(14) 
01-B--C2 122.31 (11) H92-C9-H93 106.2(14) 
02-----'B-C2 116.65 (}0) C8-Cl0--H1 011 111.0 (10) 
C~C1-C2 119.43 (ll) C8-C10--Hl02 107.2 (10) 
C6-=-Cl-C7 116.89 (110) H101-Cl0--H1'02 109.4·(14) 
C2~Cl-C7 123.64 (lO) C8-Cl0--H103 113.:1-:(11) 
C3~C2~-0l 117.84 (lO) H101-C10--Hl03 107.8 (15) 
C3-C2-B 117.33(1'0) H102-ClO--Ht03 108.2{15) 
C1-C2-----'B 124.82 (1'0) N-C1·1-Cl2 11L07 (1'0) 
C4:-C3-C2 122.43 (12) N-C11-C13 115.63(1I') 
C4-C3-----'H3 11'8.3 ·~9) C12~11-C13 110.37 (11) 
C2-C3-H3 119.3 ~9) N-CU-HU 104.7 (9) 
C5-C4-C3 118;66 (12) C12-Cll-HH 106.8{9) 
C5~C4-H4 120.4,(10) C13-C1T~H1·l 107.,N9J 
·C3-C4-H4 120;9{10) Cll-C12-H121 110:5(10) 
C4---C5-C6 120.56 (11) C11-C12-H122 112.11 (9) 
C4-C5-C1:4 121..55 (12) H12l-C12-H122 109.8 (13) 
C6--C5-Cl4 117.88 (12) C11-Cl2-H123' 107.3 (11) 
C5:_,_C6-01' 121.07 (11:) H121-=C12-H123 110;0(14) 
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C5-C6-H6 121.0 (9) H122-Cl2-H123 106;9 (14) 
€:1-C6-H6 1 '1'7.9 (9) C1l-Cl3-H131 111.1 (10) 
N-C7-C1 11:4.05 (9) C1l-€13--H132 111.3 (12) 
N-C7-H71 106.1 (9) H131-Cl3-H132 11L7 (16) 
C1-C7~H71 109.8 (8) C11-C13-H133 108.9 (12) 
N-C7-H72 111.2 (8) H131-Cl3---'H133 106.2 (16~ 
C1-C7-H72 . 107.5 (8) H132-Cl3~H133 107.4.(17) 
HR-'---C7~H72 108.1 (B) F1-€t~4-----'F3 106.71 (12) 
N-C8-C9 110.01 (rD) F1-C,14-F2 106.45(12) 
N--€8;-----C 1 o 115,67 (H) F3-Ctl4-----'F2 106.1'2 (13) 
C9-C8-C10 109.39 (12) F1-014-C5 113.24 (12) 
N-€8--c-H8 106.8 (8) F3-C>l4-C5 112;08 (12) 
C9-C8-H8 106,6 (8) F2-C14-C5 1IL76 (11) 
C6-C1-C2---C3 0.08 (16) .c8-N'-C7-Cl· 175.55 (1'0) 
C7-C1-C2-C3 -177.69Cln C6-C1-C7~N 119.91 (11) 
C6-C1-C2-B -1.79.37 (11) C2-C1-C7-N -62.27 (15) 
C7-Cl-C2-B 2.86(18) C7-N--C~9 ~85.26{12) 
Ol-B-C2-C3 -i57.36 (11) Cl ·l-N-C8-C9 145.04 (11) 
02-B-C2-C3 2tl.12 (16) C7~N-C~·I'O 39.27 (15) 
Ol-B-C2~C1 22.09 (18) CII'-N-C8-C10 -90.43(13) 
02-i3----c2-Cl -159.42 (11) C7-N-CU-Cl2 16836 (1·0) 
C1-C2-C3-C4 -0.76·(1'8) C8-N-C11-C12 -62.35 (13) 
B-C2-€3-C4 178.']3. (ill) C7-N'--C11-C13 -64.88 (14) 
C2-C3-C4-C5 0.78 (19~ C8-N--C11-Cl3 64.40{14) 
C3~C~5-C6 -0.12 (19) C4-C5-e!Ji4:---'Fl 4.47 (1:9) 
C3--..C4-C5-C14 -1.78.98 ('1;2) C6-C5-Ct14-F1 -174.42 (12) 
C4-C5-C6-C1 -054 (19} C4-C5-Ct4--B -116.33 (15) 
C14-C5-C6-C 1 . 178.36 (12) C6-C5-Ctl4-F3 64.79 (16) 
C2c__,.Cl-C6-C5 0.5S (N~~ C4--C5-{)14-F2 124.69 (15) 
C7-C1-C6-C5 178.48 (11:) C6-C5-Ct4-F2 -54.20 (17) 
C11-N-C7-C1 -53.29 (13) 
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Hydrogen-bond geometry (A, 0 ) 
D-H···A 
01-H011···N 
02~H02···01; 
D-H 
0.96 (2) 
0.83 (2) 
H··A 
1.68 (2) 
1.93(2) 
D···A D-H···A 
2.6232 (13) 166.8 (19) 
2.7547 (13) 174.3 (19) 
Symmetry codes: (i) -x+l, -y+ 1, -z+ 1. 
(S)-pyrrolidine-1-carboxylic acid tert-butyl-ester-2-methyl boronic acid 267 
Crystal data 
M,= 229.08 
Hall symbol: ? 
a= 9;3385 (9) A 
b = 11.5001 (11) A 
c = <12.0643 (11) A 
v == 1295.6 (2) N 
Z=4' 
Fooo = 496 
Data collection 
CCD area detector 
diffractometer 
C1 -:z:· - -- 02' 04 
01' ' 
Melting ,point: ? K 
Mo Ka. radiation 
A.='0.71073A 
Cell pl!rameters from 7045 reflections 
e = 2.5~29.0° 
ll = 0.09 mni-1 
T= 120 (2) K 
Cell measurement pressure: ? kPa 
Block, colourless 
·0.75 X 0.45 X 0.20 mtn 
13209 measured reflections 
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Radiation source: fine-focus sealed tube 1968 independent reflections 
Monochromator: graphite 
Detector resolution:? pixels mm-1 
T= 120(2) K 
P=? kPa 
phi and ffi scans 
A:bsm:ption correction: multi-scan 
SADABS 2.10 (Bruker, 2003) 
Tmin = 0.874, Tmax = 1.000 
Refinement 
Refinement on F 
Least-squares matrix: fuU 
R[F > 2cr(F)T= 0.031 
wR(F) = 0.077 
S= 1.03 
1'968 reflections 
225 parameters 
? constraints 
1798 reflections with I> 2cr(J) 
Rint = 0.037 
Omax = 29.0° 
h = -12~11 
k=-15~15 
Secondary atom site location: difference Fourier 
map 
Hydrogen site location: difference Fourier map 
All H-atom parameters refined 
w == 1/[ rlWo 2) + (0:0469P)2 + 0.0994P] 
where P = (F/ + 2F/)13 
(.il/cr)max = 0;001 
Apma. = 0.1'8 e A-3 
Llpinin = -o.16 e A-3 
Extinction ·correction: none 
Primary atom site location: structure-invariant 
direct metl;lods 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2) 
X y z Ui!;o */,Ueq 
B 0:08781 (17) 0.251,66 (N} 0.50012 (14) 0.0200 (3) 
Q:l 0.1>9867 02) 0.1117739 (9) 0.50937 (10~ 0.0298 (3) 
HOI 0.283 (3) 0.213 (2) 0.503 (2) 0:053(7)* 
02 -0,04763 (ll) 0.20865 (9) 0.50966 (9) 0.0230 (2) 
H02 ~0,052 (2) 0,}:4'1 (2) 0.5283 (1·8) 0.049{7)* 
03 . 0.35581 (H) 0.68124 (8) 0.34303 (8) 0.0234 (2) 
04 0.41529 (ll) 0.51781 (8) 0.44002 (8) 0.0238 (2) 
N1 0.20960 (12) 0.52995 (10} 0.34006(9) 0.0184 (2) 
Cl 0.33376 (1'5~ 0.571:60 (11) 0.37901 (ll) 0.0191 (3) 
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C2 0.16457 (15) 0.40863 (11) 0.35915 (111) 0.01,80 (3) 
H2 0.2489 (19) 0.3578 (15) 0.3452 (13) 0.020 (4)* 
€3 0.05019 (19) 0.39207 (13) 0.26907 {13) 0.0287 (3) 
H31 0.103 (2) 03702 (18) 0.1959 (H} 0.037 (5)* 
H32 -0.023(2) 0.3347 (19) 0.2904 ('1'6) 0.038 (5)* 
C4 -0.01351 (18) 0.51336 (14) 0.25333 (14) 0.0300 (3) 
H4l -0.082 (2~ 0.5296 (18) 0,3166 (1>6) 0.037 (5)* 
H42 -0.061 (2) 0.5224' (18) 0.1819 (t7) 0.042 (5)* 
C5 0.1'1606 ( 17) 0.59301 (13) 0.26250 (12) 0.0240 (3) 
H5'1 0:094{2) 0.6709 (18) 0.2933 (15) 0.032 (5)* 
H52 0.164(2) 0.60•14 (18) 0.1896 (17) 0.039 (5)* 
·C6 0.49237 ('1'7) 0.74089 (13) 0.36452 (12) 0.0246 (3) 
C7 0.4679 (2) 0.85843 (1'4) 0.310i8 (14) 0.0330 (4) 
H71 0.559 (2) 0.9055 (19) 0.3206 (17) 0.040 (5~* 
H72 0.448 (2) 0.850{2) 0.23U (19) 0.049 (6)* 
H73 0.387 (2) 0.904 (2) 0.3498 (18) 0.045 (6)"' 
C8 0.5167 ~2) 0.75590 ('lo6) 0.48835 (14) 0.0373 (4) 
H81 0.431 (2) 0.7909 (18) 0.5227 (18) 0.043 (6)* 
H82 0.542 (2) ·0:684 (2) 0.5266 (17) 0.046 (6)* 
H83 0.597 (2) ·0.8112 (19) 0.4974{18) 0.043 (5)* 
C9 0.6128 (2~ 0.67456 (l6) 0,30876 (!1!5) 0.0343 (4) 
H92 0.601 (2) 0:6668 (19) O.H14 (18) 0:045 (6)* 
H92 0~627 (2) ' 0:6021 (19) 0.3463 (17c) 0.044{6)* 
H93 0,703 (3) 0.718 (2) ·0.3216 (17) 0.049 (6)* 
C10 0.10697 (15) 0.38742 (11) ·0:47650 (Tl) 0:0189 (3) 
HlQil 0,016 (2) 0.4308 (15) ·0.4873 (15) 0.029 (5)* 
Hl02 0.175 (2) 0.420r1 .(15) 0:5304 (14) 0.025 (4)* 
Atomic displacement parameters (N) 
[jl un rJ3 utz []3 uz3 
B 0.0'1:95 (7) 0:0·180 (6) 0:0226 (6) -0.00-12 (5) 0.0008 (6) 0.0026 (5) 
01 0.0170 (5) 0l0209(5~ 0.05,1'6 (7) -0.0001 (4) 0.00119 (5) 0.0093 (5) 
02 O.Ot1r6J (5) 0:0177 (4:) 0:0351 (5} -0.001 0 (4) 0.0007 (4) 0.0065 (4) 
165 
03 0.0250'(5) 0:0163 (4) 0:0289 (5) -0.0050 (4) -0.001'7 (4) 0.0045 (4j 
04 0.0210 (5) OJH92 (4) 0.0312 (5) -0.0012 (4) -0.0042 (4) 0:0045 (4~ 
N1 O.O,T95 (6) 0.0'141 (5) 0:0215 (5~) -0.0001 (4) -0.00,118 (4) 0.0026 (4) 
C1 0.0221 (7) 0~014!1 (5) 0.0212 (6) 0.0002 (5) 0.0032 (5) 0.0009 (5~ 
C2 0.0~1188 (6) l'UH28 (5) 0.0224(6) -0.0009 (5) -0.0008 (5) ~0,ooo9 (5} 
C3 0.0350 (9) 0•0223 (7) 0;0288 (7) -0,0036 (7) -O.QII:5 (6) -0:0036 (6) 
C4 0.0292(8) Ol0286 (8) 0.0321'(7) -0;0001 (6) -0.0121 (6) 0.0037(6) 
C5 0.0276 (8) Ol02l6,(6) 0;0229 (6) 0.0028 (6) ~o.oo42 (6) 0;0044 (5) 
C6 0:0278 (7) 0~0219 (7) 0:0240•(6) -0:0109 (6) 0.0009 (5) 0.000 (5) 
C7 0.0484 {10) 0~0212(7) 0:0293(7) -O:Q11:5 (7) 0.0035 (7) 0.0032 (6) 
C8 0.0536 (12) 0.0332 (8) o:025l~F) -0:0179 (9) -0.0028 (7) 0:0007 (7) 
C9 0.0313 (9) 0:03211 (8) 0:0394{8) -0,0065 (7) 0.0078 (7) 0!0050 (7) 
Cto O.Qi176 (6) 0;0162 (5) 0,0228 ~6) -0.0009 (5) 0.001'4 (5) 0:0000 (5) 
Geometric parameters (A, 0 ) 
B------01 1.3467 (19) C4--H41 1.011 (2) 
B---02 1.3629 (18) C4--H42 0.97 (2) 
~10 1.597 (2) C5~H51 0.99(2) 
01~H01 0.89 (3~ C5~H52 0.99'(2) 
02~H02 0,81{2~. £~9 1517 (2) 
03---Cl . 1.3493 (16) C6-----'C7 1.520 (2) 
03--C6 1.471<1 (17) C6-C8 1.521 (2) 
04---Cl · L2264(l6) C7-'H71 1.011 (2) 
N1--C1 1.3396{18) C7~H72 0.97 (2) 
N1--C5 1.4712(17) C7~H73 1.04{2) 
N1-C2 1.4753 (17) C8-H81 0.99 (2) 
C2-'CIO . 1.5340 (18) C8-H82 0.98(2) 
C2--C3 1.536 (2) C8-H83 0.99 (2) 
C2~H2 0:995 ('17) £9'-"-H92 0.94{2) 
C3--C4 1.528 (2~ C9"--H92 0.96 (2) 
C3-H3'1 1.04 (2) C9~H93 0.99 (2) 
C3~H32 0~98 ~2~ CIO~H~01 0.99 (2) 
C4-C5 1.522 (2) Cl0-H1t02 0.986 (18) 
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01-B-02 118.44(13) N1-C5-H52 lli0.1 (12) 
01-B-C10 123.27 (13) C4-C5-H52 U0.7 (12) 
02-B---C10 118.28(12) H51---C5~H52 109.7 (16) 
B-01-HOl 112.2 (15) 03--C6-C9 1109.30(12) 
B-02-"'""-H02 114.7 (17) 03-C6-C7 1'02.02 (12) 
Cl~3-C6 120.75 (11) C9-C6-C7 111.57 (13) 
Cl-Nl-C5 124.11 (12) 03-C6-C8 1 I:0.82 (12) 
C1-N1-C2 122.011 (11) C9-C6-C8 112.47 (15) 
C5~N1-C2 113.34{11) C7-C6-C8 110.19 (14) 
04-Cl-Nl1 124.58 (12) C6-C7-H71 107.2 (12) 
04----Cl-03 124.73'(13) C6-C7-H72 111.3 (13) 
Ni1-C1-03 Il0.69(I2) H71-C7~H72 109.3 (18) 
Nl1-C2-CIO I13.23 (IO) C6-C7-H73 111.0 (12) 
NI-C2-C3 101.84 (11) H7I-C7-H73 106.6 (115) 
C10-C2-C3 1I2.92 (12) H172-C7-H73 111.1 (1!8) 
NI-C2~H2 Im.7 (10) C6---C8-H81 109.8 (112) 
C10-C2-H2 1109.9 (9) C6-C8-H82 ·~13.8(12) 
C3-C2-H2 1110~9 (9) H81-C8~H82 ;II0.3 (1'9~ 
C4-C3-C2 I04.21 (12) C6---C8-H83 1r07.1 (12) 
C4-C3-H3J1 1:07.4(11) H81-C8~H83 1108.0 (16) 
C2~3~H3T 107.5 (11). H82'--=-C8~H83 1'07.7 (17): 
C4--C3-H32 112.1 (I2) C6-C9-H92 Il3.5 (13) 
C2-C3-H32 112.3 (12) C6-C9-H92 109:1 (13?· 
H31 =-C3---H32 112.8 (I6) H92~C9---H92 1'13.6 (19) 
C5-C4-C3 103.35 (13) C6-C9-H93 W7.8 (13} 
C5---C4-H4;t 109.6 (11) H92-C9---H93 107.6 (I9) 
C3-C~H4,1 108.7{12) H92-C9--H93 104.6 (19) 
C5-C4-H42 111.'1 (12) C2-Cli0-B 111.07 (H) 
C3-C4-H42 112.5 (12) C2-C 110---HlO 1 109.9(li) 
H4I-C4-H42 111.3 (16) ~H}--Hl!01 1'11.9 (10) 
N I ,--,--C5-C4 102.81 (llr) C2-Cl~HW2 108.8 (10) 
Nl-C5-H51 109.2 (11) B-C I O-H1102 1:09.1 (10) 
C4--C5-H511 1I4.'l (1I) H101---ClO~Hl02 106.0.(14) 
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C5-N1-C1-04 -176.83 (13) C2-C3----,.C4-=--C5 38.72 (16) 
.C2-N1-C1-04 -5.8 (2) C1-Nl-C5-C4 -175.32 (12) 
C5-Nl-C1-03 3.94 (18) C2'---Nl-C5-C4 12.99 (15) 
C2-N1-C1-03 174.94 ('1,1) C3-C4-C5-N1 -31.25 (15) 
C6-03-C 1-----04 7.6 (2) C1-03-C6-C9 61.82{16) 
C~3-C1-N1 -173.13 (11) C1-03-C6-C7 -179:96(12) 
C1-N1-C2--Cl0 77.22 (16) C1-03-C6-C8 -62.67{18) 
C5-N1-C2--C10 -11'0.90 (1'3~ N1-C2-C1,0-B =169;26 (12) 
C1-N1-C2-C3: -161.25 (12~ C3--C2---CW'---B 75.66 (15) 
C5~N1--C2--C3 10.64 (15) 01-B-C10-C2 68.22{19) 
N1--C2-C3--C4 -29.97 ~15) 02-B-C1 O--C2 ~110;72 (15) 
C10--C2--C3--C4 91.78 (14) 
Hydrogen-bond geometry (A, 0 ) 
D----H .. -A D-H H .. A D .. ·A D-H .. ·A 
Ol~H01 .. ·0i 0.89 (3:) 1.83 (3) 2.7172 (15) 178 (2) 
02-H02 .. ·04ii 0.8'1 (2) 1.89 (2) 2:6964 (14) 1'72 (2) 
Symmetry codes: (i) x+ 1'/2, -y+-112, -z+ 1; (ii) x-112, -y+-112, -z+ 1. 
(S)-2-( 4,4,5,5-Tetramethyl-[1,3,2] dioxaborolan-2-ylmethyl)-pyrrolidinium chloride 
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Crystal data 
CHHt3BN021+,Cl1-
M,.= 247.56 
Monoclinic, C2 
Dx = l.B1 Mg m-3 
Melting point: ? K 
Mo Ka. radiation 
A.=Ol710i7JA 
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HaU symbol: ? 
a= 22:004{4) A 
b = 6.5982 (12) A 
c = 10.0393 (19) A 
p.= 93.683 (12)0 
v = 1454.5 (5) N 
Z=4 
Fooo = 536 
Data collection 
Cell parameters from 61 72 reflections 
e = 2.1~21.so 
11 = 0.25 mm -I 
T=200(2)K 
Cell measurement pressure: ? kPa 
Blade, colourless 
0.45 x 0.35 x 0.13 mm 
Siemens SMART 1K CCD area detector 8899 measured reflections 
·diffractometer 
Radiation source: fine-focus sealed tube 
Monochromator: graphite 
Detector resolution: 8 .pixels mm-1 
T= 200(2) K 
P=? kPa 
m scans 
Absorption correction: multi-scan 
SM:>ABS-2006/1 
Tniin = 0. 73, T max= 0.97 
Refinement 
Refinement on F 
Least-squares matrix: full 
R[F > 2cr(F)] = 0.051 
wR(F)= 0.132 
S= L09 
3349 reflections 
195 parameters 
10 restraints 
3349 independent reflections 
2990 reflections with 1 > 2cr(J) 
Rint = 0.022 
h =-28728 
k=-878 
/=-13713 
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Secondary atom site location: difference Fourier 
map 
H~drogen site location: inferred from 
neighbouring sites 
H atoms treated b~ a mixture of 
independent and constrained refinement 
w= ll[<i(Fo2) + ~0.063IPi + 0.6355P] 
where P"" {F0 2 + 2Fc 2)/3 
(Mcr~tnax = 0:007 
~Pmax = 0.38 e A -J 
~Pmin == -0.16 e A 3 
Extinction correction: none 
? constraints 
Primary atom site location: structure-invariant 
direct methods 
Absolute structure: Flack H D (1983), Acta Cryst 
A39, 876-881 
Flack parameter: 0.086 (84) 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2) 
X y z Uiso */Ueq Occ. {<1) 
Clll 0.5000 0.27670 (17) 0.0000 0.0676 (3) 
Cl2 0.5000 0:35382 (18) 0,5000 0.0840'(4) 
01 0.24128 (12) 0.4655 (5) 0:2897(4) 0.0697{9) 0.85 
02 0.27380·{11) 0.7586 (5} 0.1995 (4) 0.0743 {10) 0.85 
01' 0.2421 (7) 0.522 (2) 0~3181 (15) 0:042 (4)* 0.1'5 
02' 0.2680 (9) 0.703 (3) 0.168 (2) 0:065 (6)* 0.:1'5 
N 0.46572 (8) 0.5504 (3) 0:2311 (2) 0.04.74 (4) 
H1N 0.4741 (1'2) 0.460 (4) 0:'172 (3) 0:053 (7)* 
H2N 0.4128 (1:2) 0.477 (4) 0.314(3) 0:052 (7)* 
C1 035631 {9) 0.49!1•6 (4) 0.2672(2~ 0:0503 (5~ 
Hll 0.3668 0.4596 0.3622 0;060?1' 
H12 0.3584 0.3640 0.2159 0:060?1' 
C2 0.40263 (9) 0.639I (4) 0.2187 (2) 0;0444 (4) 
H2 0.3918 0.6721 0.1229 0.053* 
CJ 0All35 (13) 0.8335 (5) 0.2977 (4:) 0.0737 (8) 
H31 0.3814 0.9365 0:2644 0:088* 
H32 0.4063 0:81'05 0.3938 '·0:088* 
C4 0.47526 (16) 0.9024 (5) 0.2764 (4~ 0:0857 (10) 
H4'1 0.474,6 1.0066 0.2054 0.103* 
H42 0.4942 0.9620 0.3595 0.1<03* 
C5 0.5<1i016 (12) 0.7236 (5) 0.2354 (3~ 0.0730 (9) 
H51 0.5446 0.6969 0:3014 0.088* 
H52 0.5264 0.7450 0.'1468 0:088* 
C6 0.18566 (12) 0.5803 (5) 0.25tl1 (4} 0:0539 (7) 0.85 
C7 0.20%1 (11) 0.7981 (5) 0.2251 (3~ .0:0562(7) 0.85 
C8 0.15606 (16) 0.4774 (7) 0.1·282 (4) 0:08•19 (H) 0.85 
H81 0.1486· 0.3341 0.1'475 0.099(8)* 0.85· 
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H82 0.1'836 0.4873 0.0555 0.099 (8)* 0.85 
H83 0.1173 0.5438 0.1012 0.099 (8)* 0.85 
C9 0.14402 (17) 0.5651 (9) 0.3645 (5) 0.0918 (13) 0.85 
H91 0.1635 0~6121 0.4494 0.1'02 (8)!1< 0.85 
H92 0.1326 0.4222 0.3729 0.102 (8)* 0.85 
H93 0.1074 0.6460 0.3420· 0.102 (8)* 0.85 
C10 0.1824 (2) 0.8973 (9~ 0.0989'(6) 0.0837 (14) 0.85 
H1'0!1 0.1882 0.8143 0.0197 0.1103 (9)* 0.85 
Ht:02 0.2027 1.0284 0.0894 o, li()3 (9)* 0;85 
H103 0.1387 0,9192 0.1075 O.ll03 (9)* 0.85 
Cll 0.2079 (2) 0.9389 (7) 0.3437 (5) 0:0948 (13) 0.85 
H111: 0.2288 1.0667 0.3266 0.142 (12)* 0.85 
H112 0.2283 0.8720 0.4215 0.142 (12)* 0.85 
H113 0.1654 0.9669 0.3614 0.142 (12)* 0.85 
C6' 0.1887 (8) 0.646 (3) 0.2935 (15) 0.053 (5)* 0.15 
C7' 0.2034 (7) 0.722 (2) 0.1519(14) 0:049(3)* 0.1'5 
C8' 0.1931 (13) .0.794 (4) 0.406(2) 0!093 (7)* 0.15 
H81' 0.1831 0.7278 0.4894 0.1!39* 0.15 
H82~ 0.1633 0.9014 0.3840 0.139* 0.15 
H83' 0.2339 0.8533 0.41-74 0.1'39* 0.15 
C9' 0.1335 (10) 0.512(4) 0.271 (3) 0.083 (6)* 0.15 
H9l' 0.1409· 0.4247 0.1'949 0.125* 0.15 
H92' 0.0969 0.5935 0.2507 0.125* 0.15 
H93' 0.1277 0.4278 0.3499 0.125* 0.15 
ClO' 0.1880·(16) 0.943 (4) 0.144{3) 0.075 (9)* 0.15 
HlO' 0.2049 1.01;68 ·0.2227 0.113* 0.15 
H11" 0.1436 0.9581 0.1370 0.113* 0.15 
H12' 0.2051 0.9974 0:0638 0.1.13* 0.15 
Cll'' 0.1799 (9) 0.591 (3) 0:0407 (17) 0.066{4)* 0.15 
H13' 0.1912 0.4496 0:0581 0.099* 0.15 
H14' 0.1'977 0.6372 -'0:0410 0.099* 0.15 
HIS' 0.1354 0.6026 .0,0298 0.099* 0.15 
B 0.28920 (IO) 0.5747 (4) 0.2525 (3) 0.0466 (5) 
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Atomic displacement parameters (N) 
uH u22 rP ul2 uu uz3 
en 0.0680 (5) 0,0812-t6) 0.0557 (5) 0.000 0.01'98 (4) 0.000 
Cl2 0.1045(8) 0.08.11 (7) 0.0616 (5) 0:000 -0.0315 (5) 0.000 
01 0.0341 (11~- 0,0523 (17) 0.122(3) -0.0038 (11) 0.0031 (B) 0.0171 (18) 
02 0.0307 (.110} 0;0633 (18) 0.129 (3? 0,0006 (12) 0.0048 (12) 0.030 (2) 
N 0.0304 (8) 0:0604 (12) 0.0514 (W) -0:0036 (8) 0.00~4(7) -0.0053 (9) 
C1 0.0335 (9) 0.0578 (12) 0;0593 (12) 0,0003 (9) 0.0002(8) 0,0,107 (lO) 
C2 0.0318(9) 0:0538 (12) 0.0474 (1'0) '0:0008 (8) 0.0004 (8) 0:002:1 ,(9) 
C3 0.0554 (14) 0.060!1 (17) 0.106(2) -0.0030 (12) 0.0046 (1'4) -0.0200 (16) 
C4 0.0709 (1'8) 0.066(2) 0.121 (3) -0.0237 (1.6) 0.0·1126 (l8) -0:0092 (18) 
C5 0.0421 (12) 0.082(2) 0.094 (2) -0.0238 (B) 0.0046(13) -0.0013 (16) 
C6 0.0313 (12) 0.0541 (17) 0.077 (2) 0.0001 (12) 0.0044 (12) ·0:0011 (17) 
C7 0.0351 (12) 0.0571 (17) 0.0762 (18) 0.0039 (.12) 0~0025{11) 0.0048 (15) 
C8 0.056'1 (18) 0.083 (2) 0.1'05 (3) -0.0031 (17) -0.0118 (18) -0!015 (2) 
C9 0;063(2) 0.117 (3~ 0.099 (3) -0.01'6 (2) 0.031 (2) 0.010,(3) 
C10 0.069 (2) 0.094 (3) 0.087 (3) 0.009 (2) -0,004 (2) 0.028 (3) 
Cll 0.103 (3) 0.071 (2) 0.109(3) -0.004 (2) -0.002 (3) -0.021 (2) 
B 0.0309 <(1 0) 0.0550 (14) 0.0538 (13) -0.0028 (10) 0,0012 (9) 0.0039 (11) 
Geometric parameters (A, 0 ) 
·01---B 1.349 {4~ C7-C10 1.515 (5) 
01~6 L470 (4) C8-H81 0.98,115 
02-B 1.359 (4) ,C8~H82 0.98:12 
02------c-C7 L475 (4} C8-H83 0.98116 
01'-B 1.3!1.0 (16) C9~H91 0.9807 
01'~C6' 1.44{2) -C9'-H92 0.9804 
02'-B L270 (19) 'C9~H93 0.9806 
02'-C7' 1.43 (2) Cl~Hl01 0.9809 
N-C5 1.503 (3) Cl~Hl02 0:9806 
N-C2 1.504 (3) C1r~Hl03 0.9806 
N--H1N 0.87 (3) £11-HH1 0.9808 
N---H2N 0.9\7 (3) Cll~Hll2 0.9804 
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C1---C2 1.512 (3) Cll-H113 0.9805 
Cl~B 1.573 (3) C6'---C8' 1.494 <18) 
C!1-H11 0.9899 C6'-C9' 1.508 (18) 
C1-H12 0.9900 C6~---C7' 1.559 (16) 
C2---C3 1.5,114 (4) C7'---CH' 1.476 (17) 
C2-H2 1.0000 C7'---C10' 1.499 (19) 
C3---C4' 1.506 (4) C8':____H8l' 0.9799 
C3-H3'1 0.9901 C8'-H82' 0.9800 
€3-H32 0.9900' C8'-H83' 0.9800 
C4---C5 1.480 (5) C9'-H9J' 0.9799 
C4-H41 0.9900 C9'-H92' 0.9800 
C4-H42 0.9900 C9'-H93' 0.9801 
C5-H51 0.9900 C'l'O'-H10' 0.9800 
C5-H52 0~9900 C1i0''"---'H11' 0.9802 
C6-C9 1.510(5) Cl0'-Hl2' 0~9800 
C6-C8 1.517(5) C11'-H13' 0;9801 
C6---C7 1.558 (4) C11'-N:14' 0.9800 
C7---C11 1.512 (5) C11'-Hl5' 0.9800 
~l---C6 1'07.7(3) 02---C7---C10 l05.2 (3) 
~2---C7 107.9 (2) C 1, 1---C7=-C1 0 111.4 (4) 
B----'01 '-C6' n5.2 (131 02---C7--=C6 101.8 (2) 
~2'-C7' 116.8 (16) C11-C7-C6 114.1 (3) 
C5-N--=C2 107.5 (2) C1>0-C7-C6 114.7 (3) 
C5-N-:fllN 1:12.1 (18~ Ol'-C6'-C8' ~03.3 (1:.6) 
C2-N-H1N 116.6 (17} 0 F---C6'-C9' 1109.5 (116) 
C5-N-H2N li06.8 (16} C8'-C6'~91 1120.5 (18~ 
C2~N-H2N 111.3 (15} O'l'-C6'-C7' 97.1 (13) 
H1N-N~HQN t02 (2) C8'-C6'-C7' 11' 18.3 (116) 
C2---Cl-B 113.2 (2) C9'-C6'-C7' 1105.4 (14) 
C2---C1-Hl ·1 1:09:0 G2'---C7'-C11' 1109.5 (1'4:) 
B-Cl-H11 >}109~0 1 02'-C7'---C10' ·1107. 9 (118~ 
C2---C:1-H12 1108.9 Cll '-C7'-Cl0' 117.5 (17) 
B-C1-H12 1108.9 02'---C7'~6' 97.8 (13) 
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H11-C1~H12 107.7 C1 11-C7'-C61 114.8{13) 
N-C2-C1 111.14 (19) c 101-C71-C61 107.5 (18) 
N-C2-C3 101.61 (18) C61~81~H81 I 1NU 
C1-C2-C3 1162 (2) C6'-C8~~H821 107.0 
N-C2-H2 109.1 H91-C81'-----H821 111.2 
C1-C2~H2 109.0 H8I'-C81-H821 109.5 
€3-C2-ID 109.4 C6!-C81~H831 111.2 
C4------'C3-C2 105.7 (2) H8'11-C81-H831 109.5 
C4-C3-HB1 Hi0.7 H821-C81-H831 109.5 
C2-C3~HB1 1110.2 C61-C91-H91 I 106.7 
C4-C3-B32 110.3 C61-C91-H921 11'0. 7 
C2-C3-H32 1H.2 H9 11' 1-C9~:_H921 109.5 
H3l-C3-H32 1!08.7 C61:_c91-H931 111:0 
C5-C4-C3 1107.7 (2) H9,l'-C9~-H931 109.5 
C5-C4-H41 1109.6 H921-C9~;__H93 I 109..5 
C3~4-H41 110.0 C7'-C1 o~~Hl :1'1 108:9 
C5-C4-H42 110.6 Hl01-C 1<0'-H111 109.5 
C3-C4-H42 110.4 C7'-Cl01-H121 107.7 
H4l-C4-H42 108.5 HW-Cl01-H121 109.5 
C4-C5~N 1<05.4 (2) H11 1-C 101-Hl21 109.5 
C4-C5~H51 110.1 C7'-C11~~~H131 U0.4 
N-C5~H5·1· 110.6 C7'-C11i1-Hl41 108.2 
C~5~H52 111.1 H131~1I1~-H141 109.5 
N-C5-H52 110.8 C7'-C11'1-Hl51 109.8 
H51-C5~H52 108.7 H131-C11 1-Hl51 109.5 
01-C6-C9 107.6 (3) H141-C 11 1-Hl51 109.5 
01-C6-C8 106.9 (3) .021-~11 104.3 (13) 
C9-C6-C8 109.5 (3) 01-B-02 113.9 (2) 
01-C~7 103.6 (2) 021-B-€1 126.7 (10) 
C9-C6-C7 '114.6 (4) 01'-B--C1 128.9 (8) 
C8-€6-C7 114.1 (3) 01-B-€1 122.2 (2). 
02-C7~C11 108.6 (3) 02-B-C1 123.8 (2) 
· C5-N-C2-C1 -157.6 (2) B-~4)11:1-C61-C7' 25.2 (15) 
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C5-N-C2-C3 -33.3 (3) 
B-C1-C2-N -178.34 (19) 
B-C1-C2--C3 66.1 (3) 
N'-'--C2-C3-C4 33.1 (3) 
C1-C2~3-C4 153.9 (2) 
C2-C3-C4-C5 -21.6 (4) 
C3-C4-C5-N 0.7 (4) 
C2~N-C5-C4 20.7(3) 
B-O:l-C6-C9 -138.0 (4) 
B-01-C6-C8 1}i04.5 (3) 
B-Ol-C6-C7 -1'6.3(4) 
B-02-C7-Cl1 100.3 (4) 
B-02-C7-C10 ~t40!4 (4) 
~2-C7-C6 -20.4 (4) 
01'-C~7-02 21.8 (4) 
C9-C6-C7~2 138.7 (3) 
C8-C6-C7-02 -94.0 (3) 
01-C6-C7-C11 -94.9 (3) 
C9-C6-C7-Cl1 22.0 (4) 
C8-C~7-C11' 149.3,(3) 
01-C6-C7-C10 134.9{4) 
C9-C6-C7-C10 -108.3 (4) 
C8-C6-C7-C10 19.1 (4) 
B-01 1-C61-C81 -96.2 (17} 
B--01 1-C61-C91 134.3{15) 
Hydrogen-bond geometry (A, 0 ) 
D--H 
0.87 (3) 
0.97 (3) 
B~21-C7'-C11 I 
B-021-C71-C101 
B-021-C71-C61 
01'1-C61-C7'-021 
C81-C61-C7'-021 
C91-C6!-C7'-021 
0 l"-C61-C7'-Cl1 I 
C81-C61-C7'-Cll1 
C91-C61-C7'-C11 I 
01 1-'C61-C7'-Cl 01 
C81-C61-C7'-C I 01 
C91-C61-C71-C101 
C?'---021-B-01 I 
C71-021-B-C1 
061--0 11-B----021 
C61-01 1-B-C1 
C6-01-B-02 
C6-01-B-C1 
C7-02~B-01 
C7-02-B-C1 
C2-Cl-:s-----,()21 
C2-'-C:l-B-O 1 I 
C2~l-S-=Dl 
C2-Cl'-B-02 
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2.21 (3) 
2.09 (3) 
3:072 (2) 
3:045 (2) 
-94.3 (18) 
136.8 (19) 
25.5 (19) 
-26.4 ~15) 
83(2) 
-138.9 (16) 
89.3 (15) 
~161.4 (1:8) 
-23 (2) 
-138.0(ll9) 
-29 (2) 
109 (2) 
-111.1 {J,8) 
1:65.8 (1'0~ 
-
1}.1.1 (15) 
172.1 (8) 
3.8 (5~ 
-175.0 (3) 
1'1.6 (4) 
-169.7 (3) 
27.2 (11) 
~ 1'56.7 (8) 
179.7 (3) 
1.1 (4)' 
D--H-··A 
,170 (2) 
11'70 (2) 
